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méeleker, has teen further developed in the course cor the 
present reseerch. The trensrission of the device hes 


[been itprovead by @ factor cf 2.6 end the electron count 





Dacwewreauced OY 2 12¢uor Of three. cnoenerrevic pnoetvons 


a Dy the monockhrometic technicue have teen stucied 





et incident electron enerszies of Urs Bere 2,80, 2nd 2,66 uke. 
These stuciee reveal that the monoenersetic pnoton pro- 
cuction ecuals that voredicted by theory and reesured in 
previous experiments over the energy renege of interest. 
The monoenergetic photons, with an enerzy spread cf less 


than two percent, have been used to study the péir crea- 





tion cross section over the incident photon energy range 





Gite FO 2.0 MeV for the elements tin and leed, 
Ferticuler attention has been given to the pair 
Srcemee@m erocs Section for tin end lead et the incident 
iphoton energy 1.553 meV since the exact célculations of 
Ly... SaG  oMticmo tose ve treble. USe O1mule mMOnOcnT onaure 
\ ir enables a study of the pair creation process, 
varieble over incident photon energy, to be made, The 


iWross Sectrone Meecures @re 2bselute values whien a@re not 


omma Li Zed VOMCGvO@rine?: Do urecree.ilon Cross Section, 








theoretical or experimental. 

The cross section measurements, made at photon 
energies of 1.20, 1.533, 1.57, 1.71, 1.85, and 2.0 MeV, 
ceive the ratio of experiment to the theory of Bethe and 


Heitiler, So rp EP)/ O (Peres 2.60 4+ 27 et 1.20 


PAIR 
MeV decreasing to 1.53 * at 2,00 MeV for lead. The 
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ae = at 2.00 MeV. The ratio of the experimental 


Same retio fer tin is 1.52 at 1.20 MeV decreasing to 


cross sections to the exact calculations of Jaeger and 


Hulme at 1.533 MeV are 1.14 + .14 for lead and 1.05 —- 


Gor Gin. 
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I, INTRODUCTION 
A. Pair Creation 
As one of the most fundamental and important of 
the electromagnetic interactions, the process of electron- 
positron pair creation by photons has been the subject of 
intensive theoretical and experimental investigation. 
Among the first theoretical studies was the work of 


Heitler and Sauter! 


who provided a calculation of the 

total cross section at a photon energy of 2.657 MeV. 
The earliest comprehensive study of the pair 

creation cross section was formulated by H. Bethe and 


W. A. Heitler* 


in 1934. Their Born approximation calcu- 
lation produced expressions for the cross section differ- 
ential in positron energy for a given incident photon 
energy, the total cross section for a given incident 
photon energy, and for the screening effects of the orbit- 
al electrons, 


H. R. Hulme and Jd. C. Jaeger,” 


in 1936, 
conducted exact calculations at the photon energies of 
1.533 and 2.657 MeV for the element lead. J.C. Jaeger» 5 
later extended this calculation to include the total 

cross section for tin and terbium at the incident photon 


energy 1.533 MeV. These papers also reported computation 


of the asymmetry factor, a measure of positron energy 





distribution shift due to nuclear Coulombic repulsion, 
for the cross section differential in positron energy. 
Other theoretical calculations have been conducted to 
study specific details of the pair creation process. 
These generally use approximation techniques best suited 
to the region of interest and often study finer details 
of the process such as angular distributions and energy 
distributions at back angles. Examples of interest are 
the works of Davies et sas Bethe and Maximon, and Moroi 
and Human 

To a great extent, the experimental measure- 
ments are compared with the results due to Bethe and 
Heitler (hereafter referred to as the B-H pair result) and, 
where applicable, with the exact results due to Jaeger 
and Hulme (hereafter referred to as the JH result). 

The earliest experimental measurements were 
made with the use of cloud chambers and naturally occur- 
ring radioactive sources, notably ThC". The first 
reported results were due to Chadwick, Blackett, and 


geentaling.??'” 


using photons of energy 2.657 MeV. The 
analyzed data resulted in a corrected pair production 
total cross section, at photon energy k = 2.657 MeV, of 
2.8 barns, This result compared quite favorably with the 
value of 2.5 barns predicted by Heitler and Sauter. At 


this same time, Meitner and Philipp!! and Curie and 
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Gmeation cross section. A iater effort by Simons and 


Bibex, 12 using the seme cloud chamber technique, studied 


| 
the total kinetic energy carried off by the pair, and the 


| 
: 


gas target end en incident photon energy of 2.657 MeV. 
| 


reported successful measurements of tne pair 
the energy distribution of the electron-positron pair, 
| 


Ceeuler GisurabuLion of Une outgoings peir, using an arcen 





The results of this exveriment apvarently confirmed the 


prediction of the B-E pair result for this energy. Other 


experiments of this genre were conducted using krypton!4 


Vi 


mand xenon and krypton sas targets. 


In the late 1940's and early 1950's, another 
series of experiments based on measurements of the eab- 


sorption of samma-rays in matter was conducted. These 


measurements derived the pair creation cross section from 
the measured total absorvtion cross section by subtractio 


of the well xXnoiwm Compton effect cross section and photo- 


electric effect cross section, Among the first such 


EGn ay 


experiments of this type was the work of Adams using | 


t 


‘the continuous bremsstrahlung spectrum as a photon source. 


CG were conducted. The measured cross sections were 5 to 


10 percent lower than theory predicted. Walker, 18 using 
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the 17.6 MeV line from the Lif(r, ¥ )Bel reaction and a 
peir magnetic spectrometer, confirmed the deviation fror 
the B-E pair result noted by adems for five atomic numbers, 


ro 


e 
6 to 82. Lewson end Dewire et niga using betatron 


X-rays and pair masnetic spectrometers to isolate the de- 
sired energy bane, extended the measurements to 8&,.0 MeV 
and 280 MeV for six elements of atomic numbers 4 through 
92. These authors also noted a decreased cross section 
reiative to the Bethe-Heitler prediction. Using a cloud 
chamber technique, Emign®! used betatron x-rays and a 
pair spectrometer to study the d-dependence, total cross 
section and positron energy distributions of elements in 
the Z2= 13 to 2 = 9O region over an energy range of 50 to 
300 MeV. Reported relative cross sections deviated 

from the B-H pair result as noted in previous experiments. 
Since tne exact calculations of Jaeger and Hulme predict 


a ratio Opatr/ On 4, €reater than unity for photon 


energies less than 2.7 MeV and the research just de- 
scribed measures the same ratio as being less than unity 
if the pheton energy is greater than 10 MeV, Rosenblum 

et rae studied the pair creation cross section over the 
energy range 5 to 15 MeV since the value of the cross 
section must crossover unity in this region in order to 
satisfy these requirements. Using betatron x-rays and 


tne magnetic pair spectrometer, the resultant 
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measurements demonstrated the predicted and measured 

behaviours with O / Go _=1 at 6 MeV for high Z 
EXP BH 

targets. 

Another prominent method of measuring pair 
creation cross sections involves the use of artificial 
redioactive sources in an effort to measure the Z- 
dependence of the cross section and the relative total 
cross section. In these experiments the gamma-rays from 
the source impinge on the target sample causing pair 
creation. The positive rember of the pair then annihi- 
lates and the resulting two .511 MeV photons are detected 
by two detectors placed at 180 degrees relative to one 
another, forming the so-called pair scintillation 
spectrometer. These counters count in time coincidence 
the annihilation photons end thus the number of pairs 
created (after appropriate corrections for detection 
efficiency, geometry, source strength, etc.). These 
studies were initiated by Hahn et al.°° who investigated 
the cross sections for twelve atomic numbers over the 
renge Z = 13 to 2 = 8&3 for the energy range 1.17 MeV to 
2.657 MeV. The measured cross sections, normalized to 
either the B-H pair result or the JH result at 2.657 MeV, 
were in qualitative agreement with the predictions of 
Jaeger and Hulme showing an increasing deviation from the 


B-H pair result with decreasing photon energy and 


ee a 
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‘increasing atomic number, Z. Experimental studies on the 
pair phenomenon at low energies were continued by a 
number of investigators (Dayton, Schmid and Huber, West, 
Standil and Moore, Standil and Shkolnik, Singh, Dasso, 
and Griffiths).°+ 
In an apparent effort to coalesce and unify the 
existing measurements, Rama Roa et al,29926 have effec- 
tively repeated and extended the previous measurements in 
a study of the pair creation cross sections for eight 
‘elements, Z = 29 through Z = 82, over the incident photon 
energy range 1.12 MeV to 2.0 MeV. Relative total cross 
sections and empirical Z-dependence formulae have been 
determined. For incident photon energies greater than 
about 1.2 MeV, the data, as a function of Z, could be fit 


using the empirical formula 
CS yar [4 + ee 


where d is an empirical energy dependent fitting para- 
meter with a value of the order 2 x fo", The data at 
1,12 MeV, however, could only be fit by a modified Z- 


dependence equation of the form 
Guta Ltt a 2 exp Coz)! 


where the empirical fitting parameters b and d have 


eC 


values of 3 x 10 ~ and 2 x Ogee respectively. The 
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relative total cross sections measured, however, were 
Quite inconsistent with the extrapolated JH result being 
about a factor of two low in the energy region 1.17 to 
imo MeV . 

In the previous experiments conducted using 
radioactive sources, the major number of these sources 
provide several photon energy lines which result in mea- 
sured pair creation cross sections which are the sum of 
the cross sections for all the photon energies which ex- 
ceed the 1.022 MeV threshold energy. In order to compare 
these experiments with theory it is then necessary to 
fold together the various contributions in the ratio of 
the intensities of the various spectral lines, thereby 
gaining a calculated theoretical cross section for a given 
source. Since each laboratory does not use the same nor- 
malization procedure and since each experimenter uses his 
version of the JH result extrapolated over energy and 2, 
it is not surprising that discrepancies between theory and 
experiment as great as a factor of two are reported. Nor 
is it surprising thet experiments performed in different 
laboratories provide discrepant results relative to one 
another of greater than 30 percent, far beyond the quoted 
measurement accuracies of less than 12 percent. 

Using a modified form of the pair scintillation 


spectrometer which effectively considers only one photon 
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energy at a time, Yamazaki and Hollander“! have recently 
completed a determination of the total pair creation cross 
section for germanium at thirteen photon energies rangine 
from 1.077 MeV to 2.754 MeV using radioactive sources, Ey 
requiring a triple time coincidence between the creation 
of the pair in a Ge(Li) detector (the double escape peak) 
and the detection of the annihilation radiation, these ex- 
perimenters were able to study the effects of a single 
photon energy. The resultant cross sections indicated a 
more conspicuous deviation from theory (B-H pair result) 
than was expected on the basis of the exact calculations 
‘conducted by Jaeger and Hulme. Yamazaki and Hollander 
normalized their data to agree with the extrapolated JH 
result curve at 2.754 MeV. This technique allows only one 
atomic number to be studied and, in this case, the Z consi- 
dered was not close to the available exact calculations. 
It is significant to note that the reported results are 
about twenty vercent nigher than theory (the JH result) 
and 30 percent higher than the measurements of Dayton and 
Hahn et al. in the region 1.33 to 1.50 MeV. 

In view of the relative nature of many of the 
previous experiments, the lack of a measurement for lead 
and tin corresponding to the results of Jaeger and Hulme 
at 3 mc, and the discrepant nature of the results of 
preceeding messurements, most notably tne consistently 


high values reported by Yamazaki and Hollander, a study . . 


oS ee 
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of absolute pair creation Tee sections for lead, Z = 82, 
and tin, Z= 50, was conducted for photon energies of 1.c, 
1.534, 1.57, 1.71, 1.95, and 2,00 MeV. Particular empnasis 
wag vlaced on the measurement at 1.5233 MeV for these ele- 
ments since the JH result provides an exact calculation at 
this energy and no results have been reported for this 


enersy. 
The desired pair creation cross sections were 


measured by detecting the .511 MeV radiation arising from 
annihilation of a created positron in the target sample in 
time coincidence with a post-bremsstrahnlung electron cor- 
responding to the monoenergetic photon which initiated the 
pair creation event. The required monoenergetic photons 
were produced by the photon monochromator using the mono- 
chromatic principle to be described in the next section, 
Accurate determination of the pair creation cross sections 
required not only monochromatic photons but also 2a know- 
eect the flux of these photons incident on the tarset 
sample. It was,therefore,important to measure the number 
of these monoergic photons incident on the target and to 
determine, by comparison with predicted and measured 
bremsstrahlung cross sections, the efficacy of the mono- 
chromator in producing tne desired radiation. As will be 
described in Section (1.C.), available measurements of the 
bremsstrahlung cross sections over the energy region of 


interest for this experiment show that the Bethe and 


oom 








Heitler bremsstrahlung cross sections are approximately 
valid and can be used to provide a figure of merit useful 
in demonstrating the success of the monocnromatic ee 
ple in providing the proper number of the proper energy 
photons. Measurement of the bremsstrahlung cross sections 


was a necessary corollary to the present research. 


B. The Monochromatic Principle 

The production of bremsstrahlung in a thin 
target by a beam of monoenergetic electrons creates a 
spectrum of photons,the energy of which ranges from T,, 
the incident electron energy, to near zero energy. In 
most cases, the desired photons comprise a small range of 
photon energy, k to k + ao k, where k is the desired 
energy of the photons. Therefore, the vast majority of 
the photons produced are extraneous background which 
complicates the analysis of tne experimental data, Since 
the work of C. E. Dick ~o which demonstrated the existence 
of a finite cross section at the high frequency limit 
(tip) of the bremsstrahlung spectrum, some reduction in 
beckground difficulties is afforded by using tip energy 
photons as the source of the desired radiation. It would 
be useful, nowever, to be able to take advantage of the 
higher bremsstrahlung cross sections at photon energies, 
k < Tf), without the necessity of considering the effects 


of tne continuous bremsstrahlung spectrum. The 


Sree 





development of an efficacious monochromator would allow 
such a procedure to be used. 

The monochromatic principle is based on the 
fact that when a monoergic electron beam of initial 
energy T, interacts with a nucleus of atomic number 2 
producing the bremsstrahlung spectrum, there exists for 
every photon of energy k, a degraded post-bremsstrahlung 
electron of energy, T, - k. (This arises since the nucleus 
carries off a negligible amount of energy in the inter- 
action.) Thus, since the electron of energy T, = To - k 
is in time coincidence with the photon of energy k, the 
electron can serve as a gate or identifier for the photon 
itself or for the products of photon-induced reactions. 

The first use of the monochromatic principle 
was made by Weil and McDaniel.°??°° This experiment con- 
sisted of a satudy of the ( ¥,p) reaction in carbon using 
190 MeV monoergic photons produced by an electron beam at 
the Cornell 300 MeV synchrotron. The guide field of the 
synchrotron was utilized to momentum analyze the energy 
degraded post-bremsstrahlung electrons and a resolution 
of 50 MeV was determined by a measurement arr ene energy 
spread of the 190 MeV photons. Cence”! then repeated, 
essentially, the work of Weill and McDaniel at 245 MeV 


using the Berkeley 342 MeV synchrotron, Golaemberg,°* 


w{j— 
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using a 180° permanent magnet beta-ray spectrometer, 
conducted experiments with monochromatic photons which 
studied the absorption of gamma-rays by carbon over the 
energy ranse 13.5 to 16.5 MeV. This device provided a 
resolution of 8%. 

In 1961, O'Connell, Tipler and Axel?? reported 
the successful use of a photon monochromator in con- 
junction with the University of Illinois 25 MeV betatron. 
Tne device used was a rectangular inclined plane pole- 
face spectrometer which was designed to use advantageously 
the focusing properties of the field by utilizing as many 
as gix electron detectors placed on the locus line of 
horizontal foci. Since each detector was positioned at 
the focal point for a unique electron energy, six dif- 
ferent photon energies could be used simultaneously. The 
initial experiment at Illinois used the monochromator for 
the study of elastic photon scattering from gold. The 
Illinois design is particularly adapted for high energy 
incident electron energies since the mean angular diver- 
gence of the post-bremsstrahlung electrons is sufficiently 
sma4l1 to allow the transmission properties of the rec- 
tangular design to be adequate for the collection of the 
majority of the desired post-bremsstrahlung electrons. 

At lower energies, a shaped profile pole is necessary to 


collect a comparable percentage of the desired electrons. 
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O'Connell et al. reported an initial energy resolution of 
approximately one percent at 15 MeV. This figure was 


improved to 2 reported .67% by Tipler, Axel, Stein and 


ae in experiments on the scattering of 11 to 19 MeV 


165 


Sutton 


monoenergetic gamma-rays from 


5 


used by Kuchnir in tne study of neutron spectra from 


Ho, The device was alsc 


monoenergetic photons on bismuth, An energy resolution 

of 1.7 percent was reported as the best value attained, 
The initial monochromator effort in this labora- 

tory was undertaken by Walter, Shea, and Miller in 1959,°° 

The spectrometer was designed from the principles used by 


Kofoed-Hansen, Lindhard, and Nielsen?! *>° 


in their de- 
velopment of a six-gap beta-ray spectrometer. This design 
utilizes a specially shaped pole piece leading edge pro- 
file in order to focus the maximum number of beta-rays 
from an isotropic source. Use of the special profile 
Shape allows the fringe field effects of the magnet to 
contribute to optimum transmission and resolution para- 
meters. No transmission values were reported but a 
momentum resolution of .7 percent was achieved, kExces- 
Bive electron counting rates of the order of 10° greater 
than expected limited the magnitude of the usable incident 
electron beam to the several nanoampere region and 
rendered the device unsuitable for the intended use in 


photo-neutron reaction measurements, 
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De LE, Malaker’” reduced this excessive electron 
count rate by a factor of about 102 and improved the re- 
solving time of the "fast-slow" coincidence circuit from 
about 100 nanoseconds to about 10 nanoseconds, Malaker 
reported ea transmission of .17 percent of 4tT with a mo- 
mentum resolution of 1.2 percent at electron energies of 
.625 MeV. The low value of the transmission and the re- 
maining excess factor of ten in the electron count rate 
ruled out the proposed use of the monochromator for 
studies of nuclear excited states by nuclear resonance 
fluorescence. 

The present research examines in further detail 
the performance of the monochromator in order that it 
might be developed into a useful experimental device. Re- 
location of the plastic scintillator used to detect post- 
bremsstrahlung electrons plus improved baffle systems, 
thinner target foils, and standardized electronics pro- 
vided the required improvement in performance. The 
transmission was measured to be .44 percent, with a 
resolution of 2 percent at .625 MeV. The excess electron 
count rate was reduced by approximately a factor of three, 

As noted previously, the criterion for success 
in developing the monochromator was taken to be the pro- 
duction of the proper number of monoenergetic photons for 


use in experimental studies of the pair creation phenomenon. 
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The figure of merit, defined as the ratio of the 

measured bremsstrahlung cross section to the theoretical 
value due to Bethe and Heitler, was measured at a number 
of photon energies between .500 MeV and 2.00 MeV. Use of 
this figure of merit as a parameter requires considera- 
tion of the theoretical and measured values of bremsstrah- 
lung cross sections over the energy range of interest and 


these will be discussed in the next section, 


C. Bremsstrahlung 

The loss of energy by electrons in interacting 
with matter is a physical process of considerable interest. 
In particular, the loss of energy by electrons in the 
Coulomb field of either a nucleus or an electron by the 
emission of radiation, the bremsstrahlung process, plays 
a salient role in this research. While of fundamental 
importance itself, the process of bremsstrahlung also 
assumes great significance due to the availability of the 
resultant photons es "projectiles" in the conduct of 
photo-reactions of various kinds. 

As was the case in the study of pair production, 
the initial comprehensive study of the theory of brems- 


Strehnlung was provided by Bethe and Heitler.< 


Employing 
the Born approximation, equations for the cross section 
differential in photon energy, photon emission angle, and 


the electron emission angle and the cross section 
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numerous others have studied the phenomenon using various 
approximation technidues. A compilation of the various 
theories and resulting expressions has been prepared by 
Koch and Motz (see Reference 67). 

Only a few measurements have been made of the 
bremsstrahlung cross sections. For the most part, this 
paucity of measurements has been attributed to the inher- 
ent difficulties involved with such an experiment in 
Which the information is spread over a very wide energy 
range. Experimental data have been obtained over the 
incident electron energy range 34 KeV to 22 MeV by a 
Pre aty of workers. In all cases, the data were obtained 
for the cross section integrated over all electron emis- 
Sion angles. 

The data available have been taken at tne 
following incident electron energies: 34 KeV by Niitaglilie 


‘and Ross“; 50 KeV by Motz and pieeiedar -5 and 1.0 MeV 
46 
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by Motz’°; 1.0, 1.7, and 2.5 MeV by Rester and Dance’; 
2.72, 4.54, and 9,66 MeV by-Starfelt and Koen*®. and 22 
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MeV by Weinstock and Halpern=”. The Sauter theory and 
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the Schiff theory were often used for comparison with the 
exverimental results. For the case of low incident 
electron energies, 5 << eae the Sauter predicttent 
underestimated the cross section by approximately 20 
percent. Over the enerzy range, 4 to 25 MeV, both 
theorles agreed with measurement to within cbout 10 per- 
cent, 

Over the incident electron energy range of 1 to 
3 MeV (the available range for the Notre Deme mono- 
chrometor), some elements of the measurements by Motz, 
Rester and Dance, and Starfelt and Koch are of greatest 
interest. The discussion to follow will consider the 
pertinent fractional photon energy range, K/T | =e ee 
k/T, = 75, which was used in the present research. 

Motz has measured the spectral distribution of 
the bremsstrahluns at photon angles of 0, 30, 60, end 90 
degrees for incident electron energies of .5 and 1.0 MeV 
using a target of atomic number Z2= 79. Using the pre- 

ictions of Sauter for comparison, the data at 1.0 MeV 

incident electron energy and O° emission angle agreed with 
theory within 5 percent over the range of fractional 
photon energy, .5 to .65, Borik/fee= .05 to .75, agrees 
ment with theory was within 10 percent. 

Starfelt and Koch measured spectral and anguler 


distributions of the bremsstrerhluns photons at incident 
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electron energies of 2.72, 4.54, and 9.66 MeV using 
targets of Be, Al, and Au. The measurement at T, = @.7e 
MeV for gold at a photon emission angle of O degrees is 
most vertinent. Once asain the Sauter theory was used as 
a reference. These results can be most clearly presented 


in tabular form 2s; 


INCIDENT ELECTRON ENERGY = 2,{(c ev 
TARGET ATOMIC NUMBER, 2 = 19 
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Rester and Dance conducted measurements, at 
incident electron energies of 1.0, 1.7, and 2.5 MeV using 
targets of atomic number Z = 13, 19, 50, and 79, of the 
spectral and angular distributionsof the bremsstrahlung 
cross section. .Data were taken at photon emission angles 
of 0, 4, 10, 20, 30, 40, and 60 degrees. The experi- 
mental results for Zo = 1 MeV, at emission angle O degrees 


for the target with Z = 79, gave a value for 


©; (EXP)/ Ogayrmr equal to unity, within 7 percent, over 


the fractional photon energy range of .5 to .7. For 
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Tie THEORY 

A. Pair Creation 

Production of a positive and negative electron 
pair by photons can take place in either the field of 2 
nucleus or the field of an electron. The well known 
threshold for the process in the field of the nucleus is 
2 Moos where mem is the rest energy of the electron, 
while Perrin-© has demonstrated that the threshold for the 
effect taking place in the field of the electron is 
4 mc. The process of interest here is coherent pair 
production which occurs when the atomic electrons play no 
role in the process other than to screen the Coulomb field 
of the nucleus. Pair production is related to the brems- 
strahlung process in which the post-bremsstrahlung 
electrons are left in a negative energy state and generally 
the two processes are treated in concert in theoretical 
analyses. 

1. The Cross Section for Pair Creation 

The derivation of an exact expression for the 
pair creation cross section requires a description of the 
positive and negative electrons in the screened nuclear 
Coulomb field using exact wave functions. In general it 
is not possible to solve the Dirac wave equation in such 
a form since the required wave functions are represented 


by an infinite series. For the most part, then, 2 variety 
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of approximation techniques have been used in the 
calculation of pair creation cross sections. 

2) Cross Sections Due to Bethe and Heitler 

The pioneer effort in the study of the pair 
creation process was conducted by Bethe and Sener, 
This theory was presented in a classic paver putting forth 
the theory of both bremsstrahlung and pair creation. The 
Born approximation was used in the development of the 
theory. The validity conditions for this approximation 
can be written as 

2nat/B.«1 ; an 0d //3- «K 4 

where Z is the atomic number of the target element and the 
quantities yee and /3 - are, respectively, the ratio of 
positron velocity to the speed of light and the same ratio 
for the negatron, and & is the fine structure constant, 


These conditions can be rewritten as 


E, (orf) > 1/L1- (az¥] @ (II-1) 
or 


R»> 2/Ci- lazy] 2 (17-55 


where E+(EJis the positron (negatron) total energy and x 
is the photon energy, both in units of moc. It follows 
from these conditions that the Born approximation be- 


comes less reliable as, (a) the atomic number, Z, of the 
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target element is increased, and (b) the momentum and 
energy of the emergent particles decreases or, more simply 
stated, as the incident photon energy decreases to near 
the threshold value, 

The Born approximation calculation as conducted 
by Bethe and Heitler, neglecting screening, yields for 
the cross section differential in photon energy the 


expression 
do = GaP {-$- 286 (P28) + 2 Exe. + sb - €e€-) + 
+ eS 3 p2Pp? p> ps "P,P. 
mw (Et +pp*)- 8 se HER (BER : 
uf ( 3 Es Sree €- + (II-3) 
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where the following definitions have been used, 
B= azn” 


where r, is the classical electron radius, 


Es = 2 [n (Es + p+/ 
HA 


L= 2 In ( E+E. i ) 
Ys 


The symmetry of this result with respect to the inter- 


change of the positron and the electron results from the 
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juse of the Born approximation. As the photon energy 


‘approaches the threshold value the symmetry noted above 
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iThis correction factor is only valid under the condition 
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lieslect of the screening effects of the atomic , 
fo eectrous is only valid if the total energies of both : 
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particles are sufficiently low such that the condition 
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iis satisfied. Since the conditions of the present mea- 
‘surements do not completely satisfy Equation (II-5), the : 
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iBeH pair result can only be used as a basis for compari- 
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f the sereening corrections can be snown to be small 
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for the energies and atomic numbers studied, Bethe and 
_ point out that fer heavy elements screening ef- 
1 

ifects are not significant for photon energies less than 
| 2 
Ls mien. 


The tetal cross section has been calculated by 
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‘Bethe and Heitler snd, more recently, Yamazeki and 
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Hollander by numerically integrating Equation (II-3). The 





Pee of the latter calculation are tabulated as Table | 
III in Reference 27 and are plotted in Figures (IV-13) 
aia (IV-15) in this dissertation. 
| b) Cross Section Due to Jaeger and Hulme and 
Jaeger 
7 In tne low photon energy range Jaeger and es 
and, later, Jaeger used Dirac wave functions to calculate 
the total pair creation cross section for photon energies 
of 1.523 MeV and 2.657 MeV. This rigorous treatment of 
the problem, using spherical wave functions and without 
employing any approximations other than numerical ones, 
should yield exact total cross sections, These calcula- , 


oe 


tions employ a technidue, used by Jaeger and Hulme in | 


| 
a earlier work on internal pair creation, in which the 
gamma-ray was treated as a perturbation acting on an 


| 
electron state of negative energy in the Coulomb field of: 


a nucleus. 
: The results of these calculations are given in 


' 
’ 


Table (II-1), along with the computed asymmetry factor, 
| = _ 
Cae =o) (CS - x4) 


Which measures the shift in the energy distribution of 


t 
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positrons (negatrons) due to Coulombic repulsion (at- 


traction) effects due to the positive nuclear charge. 
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Pair production cross sections from the calculations of Jaeger 





and Hulme” and Jaeger??? 
hy = 3 mice by = 5.2 @, 
Z 50 65 82 82 
meee (10 *") cm 0.17 0.3% 0,67 3.1 
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For the photon energy 1.5233 MeV, Jaeger derives 
an extrapolation formula for obtaining the pair creation 


cross section for any element of atomic number, Z, 


O(2)x 10% = 0.95 (2/137)*+ 2.54 (Z/37)" (11-6) 


C. Other Approximate Pair Creation Cross 
Sections 

Bethe and Maximon, in Reference (7), have con- 
ducted an extensive calculation, without using the Born 
approximation, over the energy region in which both elec- 
trons have energies large compared to the electron rest | | 
wOpEe The result was the B-H pair result modified by a | 
Pltiplicative factor and an additive factor. This re- 
sult is in good agreement with experiment above photon 
energies of 10 eV but is not expected to be reliable for 
lower energies. 
Celculations for high energy, taking screening 
25 


into account, have been cérried out by Bethe using the 
Thomas-Fermi distribution for the orbital electrons, Thig 


result can be written 
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where 
Y = (t00mc? hv) /(E-E- 2°) 
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land @,( 2%) and D .( ¥) are functions of the parameter g, 
the values of which are obtained by numerical integration, 
for 0<73¥< @, Since tnese functions include the Fermi 
form tactor whicn is only known numerically. For amalier 


energies such thet 2< 0 < 15, the result 


d = p a soft ae a7 See oes ~ a 
do . 46 (E46. ZEE)[ In (ZEKE £.Cs)| (11-8) 
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can be written. Curves of the parameters q, (%), @ n { i) 
end C(v ) ere siven by Sethe and Heitler* and Bethe and 
Potein.” Since this screening correction is valid for 
high photon energies ( 2 15 moc), Equations (II-7 and 8). 
are useful only in the extreme relativistic case. Hough?” 
has given a formula for the cross section differential in 
positron energy, without consideration of screening ef- 
fects, which approximates Equation (II-3), and is valid 


‘for k< 20 mic&, This expression can be written as 


ag = (do) 21 1+0135[ (2) /¢ : 52 | u(i-z) (Tio) 


where 
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ig the differential cross section from Equation (II-3) for 
E+ = E- = k/2; i.e., for ecuipertition of energy between 


the two members of the pair; and, 
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XY = (Eat 7 Clee? cc) : 


The second term in the curly bracket must be dropped 
whenever it assumes 2 negative value. Equation (II-9) 
agrees with tne Betne-Heitler result for .05 < x < .95 to, 
Mechin 1%. 


Intesrated cross sections equivalent to the 


integrated B-H pair result have been obtained by mean. | 


and Jost et asi nel 


but these forms are not given in terms 
of tabulated functions. 

At incident photon energies in the range 1.0¢2 
Mev to 6.13 MeV, Zerby and Moran?® give the empirical 
| 


formule 
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| O= Opy | 1+ (7824x104) Z exp-o.ci2 k)} (II-10) i 
based on the analysis of available experimental results, 
aa meosein units of m,o* and Opi is obtained by | 
integrating either Equation (II-3) or (II-9) over positron 
energy. Calculations indicate that Equation (II-10) can 
be used to fit experimental data in the energy range 2.7 to 
6 MeV to within 10 percent. : 
| 2. The Yield Expression 
The experimentally measured quantity in this : 
tel a Nh annihilation radiation quanta | 
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produced in the target sample by the annihilation of 
created positrons and detected by the NalI(T1) detector 
in time coincidence with s post-vbremsstrahlung electron of 
the proper energy. In order to determine the cross 
section for the pair creation process from this quantity, 
referred to as the yield, it 1s necessary to form an ex- 
pression which relates tne cross section to the measured 
mumber of counts. i 

There are three expressions which can be used toa 
relate the known yield to the cross section. Each de- 
rives its particular form from considerations of target 
Ate and the geometry of the experimental layout as well 
as from the physical principles involved in the experi- 
ment. These expressions will be considered in order of 
increasing complexity. 

a) Small Thin Target 

If the dimensions of the target sample perpen- 
dicular to the beam direction are very small relative to 
the distance between the target position and the brems- 
strehlung foil and relative to the distance from target 
to detector, then the pair creation target sample subtends 
@ small solid angle at the bremsstrahlung foil and acts 
as a point source of annihilation radiation relative to 
the detector. Additionally, if the target is so thin that 


absorption of the incident radiation and the annihilation , 
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radiation is negligible, the yield expression assumes an 


especially simple form siven by 


Yo = N(k) Oran pl 7 P W(8) secp (Ti-11) 
with 
Ne) = ( dO pens) ake ase Megane Q (I-11) 
dk df. 


where (ae Oo... /d k €fly) is the cross section for 
BREMS 


production of a photon of energy k by electrons collected 
in a solid angle €2e¢ in the monochromator with energy 

ue - kK Gen fev este ie 4k is the energy uncertainty of 
the photon deriving from the reolution of the mono- 
chromator (MeV); C2 % 48 the solid angle subtended by 


the target at the foil (Steradians is the 


1s Mevstry 


areal density of the bremsstrahlung foil (Atms/em“); and 


Q is the number of incident electrons accumulated ( # of 


electrons). Thus, N(k) is the number of photons incident 
on the pair creation target in the energy interval 
k + ak/2 and in the solid angle subtended by the sample 


at the bremsstrahlung target; O ia the cross section 


PAIR 
for pair creation (em“/atom) ; jf is the target sample 
density (atoms/cm); T is the target thickness; 7 is the 
average source full energy peak detection efficiency for 
2511 MeV photons; F is the probability factor for anni- 
hilation of the positron in the target sample; w( © ) 18 
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the angular distribution function for the annihilation 
radiation; and g is the angle between the normal to the 
face of the target and the incident beam direction. 

In tnis simple case, the pair production cross 


section is just 


True = Y/Ntk) eTsecp 7 PW (8) (II-11b) 


b) Small Thick Target 
If the "zero-thickness" approximation is not 
valid, it becomes necessary to reformulate the relation- 


ships between ae and the measured yield. The | 
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absorption effects of the target on the incident photon 

flux and the outgoing annihilation radiation must be con- 

sidered. | 
The yield expression, differential in target 


thickness, can now be written as 


dY - NOR) P Opa 5 PWle)exp}-upz f @XP | (ue Sousa) PX f dx (II~-12) | 


where x = t secgp (cm.), 4 is the absorption coefficient 


for .511 MeV photons (om.“/atom), and 4, is the Compton 


and photo effect absorption coefficient for the incident 


photons of energy k (om.“/atom). 


Carrying out the integration over thickness, 


the resulting expression is 
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where X = T secg , with T the total thickness of the 
target. 

c) Large Thick Target 

in this final case for consideration, the 
target size is so large that none of the previous geo- 
metrical simplifying assumptions is completely valid. 
The target sample now subtends a finite solid angle at the 
bremsstrahlung foil and the detector subtends a large | 
finite but complex solid angle at the target sample. The: 


yield expression must be modified to include these ef- 
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fects. This expression for a large thick target divided | 


into differential volume elements J can be written as 


ane = Ck) pT E Onde Wes) exp {up dy | exp{- C+ Canis 854% ‘xf | 
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.where 
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ropes ij dosems dO, dO. (II-14b) 
dik ded Qed, 
aQ, NOW, 
(lo is the effective solid angle at the beam spot sub- 
tended by the exit slit of the monochromator, (1k is 
the solid engle subtended by the target at the bremsstrah- 


tome foil, By is the ratio 
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EXP THEORY 
ppmts/Ae) (a Oo /ak) . 


REMS 
and the other terms in Equation (II-i4a) have been de- 
fined. For Equation (II-14), T is secg , S is the 
frontal area of the target sample which is included to 
cancel the integration over the area implied by the dif- 
ferential volume element dt , W( @, ) is the angular 
distribution factor for radiation from volume element 7 
which in the pair creation process is unity, 5; is the 
distance within the target of element 7 measured along 
the Girection of the outgoing radiation, 5; is a similar 
‘distance measured in the direction of the incoming bean, | 

“, is the efficlency for detection of the .511 MeV 
photons emanating from volume element 7 , 

Co exp 5 °F /q2 

is an expression which approximates the angular distri- 


bution of the incident monoenergetic photons and is a 
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Gaussian of revolution with a half-width at half-maximum 
equal to q, the parameter Ws measures the angular dis- 
Placement of volume element 7 from the incident beam 
alirection a the foil. C, 1s a normalization constant. 
All other terms have been defined previously. 

The integration necessary to evaluate the yield, 
Y, requires analytic representation cf the factors in 
equation (II-14) which depend on the position of the 
elemental GT 3 @.6., Yr » Ary Sd, , etc. However, 
division of the target sample into incremental volume 
elements, AT , each so small that any variation in the 
factors just mentioned over the size of the volume ele- 
ment is negligible, allows the integral to be replaced by . 
asum. For each volume element, AT , the value of the 
Peauired parameters can be replaced by their values at 
the center of of. The final yield is then determined 
by summing the contribution due to each yolume element. 
The summation form of the yield expression can be written | 


as | 

) | 
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Where the integration over dg7 is replaced by a sum over 


, At , With ag = ST/N and N is the number of volume 
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elements in the target. 


{ ; -_ — pee. ee a eS ee ee eee 
} 


} 
1 
{ 


-34—- 


aw ei = - 





3. Competing Frocesses 

The existence of extraneous .511 MeV photons at 
the position of tne vnoton detector posed the major back- 
ground problem in this research. Due to the presence of 
the continuous bremsstrahlung flux, these .511 MeV pho- 
tons could arise via inelastic scattering of higher energy 
photons plus elastic scattering of those .511 MeV photons: 
produced by the bremsstrahlung process. The inelastic 
processes of interest are Compton scattering, pair 
creation at photon energies other than the monochromatic 
hevoney. and secondary bremsstrahlung produced by "knock- 
on" electrons in the target. The elastic processes to be 
considered are Rayleigh scattering, nuclear Thomson scat- 
tering, and Delbriick scattering. 

a) Inelastic Processes 

In the energy renge used in the present experi- | 
ments, Compton scattering accounts for the major share of. 
the photons inelastically scattered into the detector. 
The cross section for incident unpolarized radiation is 


given by the Klein-Nishina>” formula, 


de = | { qr Car*E + ae (2712179 | 
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where © 1s the angle through which the photon is scattered. 

In the energy region near threshold for pair creation, 

this cross section is relatively large even for scattering 

angles greater tnan 90 deztrees. However, the energy of | 

the scattered quanta is given by 


R= R( 1+ & (1-ca8)) (II-18) 


Mo 


and for the maximum incident photon energy used in this 
experiment, the scattered radiation has a maximum energy 
considerably less then .511 MeV (for Kina = 2.86 Mev, 
k' = .266 MeV at a 120 degree scattering angle). There- 
fore, the Compton scattered photons make no contribution 
‘to the annihilation radiation data. The contribution of 
511 MeV bremsstrahlung produced by Compton scattered 
electrons in the target sample has been estimated to be 
less than one part in 104 at an angle of 120 degrees. 
The annihilation radiation which arises due to 
pair creation by photons of other than monochromatic : 
eo will contribute to the full energy peak in the | 
‘spectrum of the scintillation spectrometer detector. 
Using Equation (II-9) and the corrected bremsstrahlung 
cross sections of Starfelt and Koch, the full energy peak 
ican be expected to contain, on the average, a 60 percent 
contribution from this source. This effect will occur to | 


the same magnitude in the total (true plus chance) and 
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chance coincidence date and can therefore be accounted 
mor experimentally. 

b) Elastic Frocesses 

Tne previously mentioned elastic processes are 
Iknown to occur with only ea smell loss in energy taken up 
by recoil cf the scettering atom or nucleus. neyleigh 
Iscattering; 1.¢€., scattering from bound electrons without 
removal of the electron from a bound state, has been 


treated by aa cy extending the earlier work of 


Debye! into the gamma ray energy region. *renz assumed 











e Thomes-Fermi distribution for the atomic electrons. 
For scattering angles greater than or ecual to 
. 2 
‘$O derrees and for photon energies of order= oe » the 


‘expression 


dor = 8. C74 15 ( Zmac*} J+c0s78 em? (II-19) 
Aat2 K 2, s1n3 8 Ster. 


| 


. where Z is the atomic number of the scattering 
om k is the incident photon energy, end © is the 


62 
angle of scattering. The work of srow et al. indicate 





that Equation (II-19) is velid over the energy ranse 1 to 
iS) hi eV e 
The nucleer Thomson scattering cross section 
63 


may be obtained from the expression ~ for the scattering 


: x-rays by electrons by using the nuclear mass, M, in 
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dO 2M24 4 Ster. (71-20) 
‘Which mey ve revritten es 
dOth . 2.39xI0 2 ra (14+ ws2@) cm * 
7 Ke ster. IIl-20a | 
| dQ2 A a 


Delbruck scattering, the elastic scattering of 


Bem@wcre §n the Coulot> fiela of the nucleus, is resorted 


foo) 


; o a 
O eross cections proportionésl to (az)4r e. ist a 


a) 
65 pele 
~ heve been concucted on thi 





er 


‘numerous theoretical setudies 


~~ — 


thet the process can be detected below S$ weve and any 


eon there exists no experimental evicence to show 
| 
esteem from this source was consicered to be nesli- 
gible. 

ec) Beckground Effects 

It is of interest to consider the effects due t 
the competing processes at the annihilation radietion 
energy (and at an angle of 120 degrees). If the number 


i trackground .511 MeV photons detected is denoted by the 


paremeter Be, the expression 


Bs = Neagle’) + Noh + Ne 


(II-21 ) 
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can be written, £In this equation, N PAIR 


(k") 48 the 
number of annihilation radiation quanta detected which 
are produced by incident photons of other than the mono- 

~~ 

. chromat energy, Npj, 18 the number of .511 MeV bremsstrah- 

‘lung quanta detected after being scattered by nuclear 


Thomson scattering, and Na is a similar number for the 


ee ee 


Rayleigh scattering process. 
The number of background quanta detected for 


: 
‘the two elastic processes can be expressed as 


Nr *Mik nA A agR (1-22) 


for the Rayleigh process, and | 
| : 
| Nop = JV (hi) 0% 2 doen (II-23) , 
where A(k') is the number of .511 MeV bremastrahlung : 


i 
| 
!photone incident on the target sample and previous nota- 
| 

ition is used for the other factors, 


Om ee at 5 tea en te teat + er wen 


The pair creation contribution due to non- 
= photons 1s more complex in form and is approxi-, 
mated by a numerical sum of contributions : 
| 
| 
' 


Nowe (") * o MN Che!) n Tray Ch) (11-24 }y 


which are calculated using «the "zero-thickness" 
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‘approximation. The factor Be can now be written es 
i 


By na] Wie egos Eee cele] (25 


but recelling Equation (II-lia), write 
SN CR) = VQ AOg (ke) (II-26) 


which allows the final expression for B. to be expressed 


g 
ag 


Bg = nyo’ Q | ag («')2f dam + doe + x, INOy= (ie‘) rand) | Giia2 7 ) : 


This expression provides a means to estimate 
‘the total number of background .511 MeV quanta which will. 


‘be detected in the scintillation spectrometer detector. 


| In a double coincidence measurement, the final 


‘estimate of the background effect must be determined by 


| Bi" = 27 By Ne (11-28) 


' 


where 27 is the full width at half-maximum value for the 
‘resolving time curve and Ne is the average counting rate 
for the detection of post-bremsstrahlung electrons. 

The background effects present in this research 


were measured end, therefore, were accounted for 
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experimentally, The estimated velue cf the backeround, | 


as develcned, showed thet if tne pneir creation cross 
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Seculon was ecucl to the bredictions of Jaeger end Hulme, 


[mre cross Section coulda be measures Lor en inezadent 
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a Of an emact expression for the brensstrehlune 
alll section reculres use or Diréc weve functions ob- 
iv 
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os iemere Tous NOLccuemsce | lem (i res. | /eerU domme ter 
Wo@2s 1 oi analytical expressions for the bremsstreniung 


‘cross section hes been derived using some appropriate 









approximation techmnioue. This discussion will include 
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fonly those asrivetions which heve some relevency for the 





present research, 
1. Crose Section Due To Eetne and Eeitler 


in the seme perer which leid the Tundemental 







Meomwmowork for peir creation ercess section predictions, 





hes authors provided a comprehensive study of the 
bremsstrenluns pnenomen 


techni ta uias fh 








meicenyt end 


fe 


were mede, wher [3 9 ena refer to the 
Srmpeoine electron, respeccively. Tnus; for high Z, 


See0n1¢ number, tersets, for electrons of low initial 


ee a ree ee = Se SS a 


2 


i energy, end for the case where the photon carries) 
“= almost ell of the available energy, the orecdcnden 


becemes less reliable, 
The rethe and Heitler calculetion (hereefter 


ilreferred to as the B-H result) save the bremsstrahlung 


rie. eA = 


croes section cifferential in photen energy, rhoton 


3 


‘i 
° mission angle, end electron emission engle. This result 
.. integrated over all ensles to provide e2 cross section 
: ifferential in photon energy. Calculations were also 
.. sies such tnat 2, HY >7 me 


uctea to predict the effect of screening at high 
2 

The b-h result is cften used as a starting 
point in other more specific investigations of the brems- 
strahlung phenomenon. Of primery interest for this re- 


a .. 6 
Seeren is the work of Koch and Motz ft 


| 
. who have compiled 
a 

i@ compendium of theoretical analyses with the cocr- 
aa analytical expressions and compared these 

| 
'thecries to existing exverimenteal cross sections. These 


‘authors have presented a form of the B-E result given by 
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CE - pcos O)CE.~Pocos6.) | 


, 


(iT =<oonN 


‘ 
4 


TIS2Ses 
! 
| 
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(II-29¢} 
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‘and gf 1s the angle between the planes (p,k) and (Boek), 


‘F(q,2) 4s an atomic form factor which accounts for 
} 


screening effects, and the other terms have been pre- | 
! 


| 
iviously defined. This expression has been integrated 


{ 
t 
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‘ 
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( 
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sented in Figure (II-1). 
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‘over various electron and photon solid angles and the 


result for one given set of energy parameters is pre- 


ec. Other Approximate Theories 


Sauter’ has formulated an expression for the 
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Figure (II-1) 

Evaluation of the Bethe-Heitler bremsstrahlung cross 
section differential in photon energy, photon emis- 
Sion angle, and electron emission angle. Shown are 
four curves corresponding to electron emission cones 
of half-angle 3.25°, 7.75°, 11,25°, and 14.75° for 
an incident electron energy of 2.3 MeV and a photon 
energy of 1.2 MeV. Each curve represents the cross 
section (mb/MeV) for photon emission into the cone 
of half-angle oO, plotted as a function of Oy - 
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‘premsstrahlung cross section differential in photon 
| 


ienergy and photon emission angle using the Born approxi- 


4 
t 


‘mation. However, the development omitted the effects of 


‘screening which causes the expression to be of question- 
able validity unless the condition for no screening 
\/ixnZ) > EE /k 

obtains, 
Schiff’ integrated the B-H result over electron 

emission angles for the extreme relativistic case | 

i, By hi >> m,cé) using the approximate screening 

‘potential correction V(r) = (Ze/r) exp (-r/a), where 

a ee ele gf. The expression obtained, differential in 

photon energy and photon emission angle is valid only for. 

small forward angles. ! 


alties Seca: ancy i 


obtained the Sauter ex- 
pression for low photon energies in an independent Born 
approximation calculation. Using the same approximate 
screening potential expression as Schiff, the result in- 
‘cluded a correction for screening of the nuclear Coulomb | 
field by the atomic electrons. 

Racah©® and, independently, McCormick, Kieffer, 
69 


and Parzen provided a bremsstrahlung cross section 
differential in electron energy and emission angle by in- : 
tegrating the B-H result over photon emission angle. 


Neglect of screening effects reduced the reliability of 
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these results at small forward angles. 
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III. EXPERIMENTAL APPARATUS AND PROCEDURE 


A. General Equipment and Procedure 

The accelerator, beam handling system, and 
calibrations of the 60 degree analyzing magnet and mono- 
chromator magnet have been considered in some detail in 


previous theses,297 (971 


For the sake of completeness, 
an up-to-date discussion of the present system is included 
in Appendices A, B, and C, respectively. A brief de- 
‘seription of the procedure is in order here, however. 

The electron beam is extracted from the Notre 
‘Dame 4.5 MeV electrostatic accelerator and steered via the 
beam handling system through a set of defining slits into 
the 60 degree analyzing magnet. After passing through | 
‘this calibrated magnetic field and a set of image slits, 
the beam undergoes a further 45 degree deflection in a 
Imagnetic field which focuses it onto a thin self-supporting 
gold foil in which the photons used in photon-induced 
‘reactions are produced. The 60 degree analyzing magnet 
field provides knowledge of the incident electron beam 
onerey while signals from the image slits of this magnet 
are used in a negative feedback system to provide energy. 


‘eBtabilization of the accelerator terminal potential. 


! 
j 


‘Be. The Monochromator 
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Figure (III-1) is presented prior to discussion. 
of the monochromator in order to assist in the visualiza- 
tion of many of the quantities referred to in the text. 
1. Theory and Design 
The study of the inclined plane pole-face type 
Magnet was initiated by H. 0. W. Richardson!©»?3 in a 
study of the orbit trajectories, focusing conditions, and 
momentum dispersion properties of such 2 magnetic spectros 
meter with the source position located in the magnetic 
field. The magnet envisioned consisted of a plane face 
magnet with the pole-faces inclined at an angle of 2¢ 
PSintive to one another. The resultant magnetic field 
‘between the pole pieces is then similar to the field due 
‘to a current carrying wire running along the axis of 
intersection of the inclined poles (extended) with each : 
| g= constant plane being a magnetic equipotential a ml 
The field between the pole pieces carries a 1/r dependence, 
ears ris the distance from the Z-axis. 
The mathematical theory used by Richardson led | 


to orbit equations given as 


F 2 Nee (171-1) 4 

where, for a point source, | 
SK | 

A= rye ors (III-1a) | 
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Figure (III-i) 


Typical inclined plane pole-face 
magnet including nomenclature and 


variables. 
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with r, being the distance of the source position fron 
the Z-axis, YW « is the angle of emission of the source 
particles, Wis the angle between the velocity vector 
of the particle at any point in its orbit and the Z-axis, 


and K is a momentum parameter defined by 


Sg my 3 B, (III-1b) 


is the magnetic field value at r=]. 
The equation of the Z-component of the trajectory is given 
iy 


Z= ay). KI eS nay dw ' (III-2) 


| i qQ2 Fes Fe : 


A* sin2 Ww 
with a, given by r,sin 5 i) Sa. being the angle between 


‘the velocity vector at emission and a plane of angle 


| : 
g = const; a, can also be given by : 


: Pe/my = rsin$g . (III-2a) 
The equation for dis given by 


- Kceos W 
acme! (111-3) 
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The Equations (III-1), (III-2), and (III-3) 
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form the orbit equations for the general case, 


If conditions are simplified to consideration of 
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pie wees oe ee! (IIT-4a) 
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_K s 
z= -K re O88 feos per Hy (I1I-ab)_ 


oa) = Constant (= O Sor midplane ) ) (III-4c) | 


ial the inclination { is small or zero. These relatively 


simple equations were used by Richardson to determine 
‘orbite in the mid-plane using numerical integration tech- 
niques. 

| Richardson pointed out that since the orbits 

| 


are symmetric about Ww = 0 (in this reference system), a 


{ 


‘particle emitted from the source point at an angle WwW, 


will return to the radius r, at W=- W,- Therefore, 


‘the image point can be found from 


fe 
: Z = - 2K reno | cos pe ¥ ay (III-5) 
| 


for orbits in the mid-plane, 


: 
; ! 

t 
) , 


For orbits out of the mid-plane, the expression) 
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was given where 


“S) 
lL, = Sin -. oltcos ¥ 


(III-6a) | 
The upper limit on the integral is, effectively, the 
limiting angle beyond which the particle will not return 
to the r=r, axis. 

From detailed considerations of slit size, 
maximum YW value, range of Y values collected at the 
image point, source to image distance, Z,, and other 
factors, Richardson concluded that the theoretical solid 
angle for collection was 16.5 times that available to a 
‘parallel pole spectrometer of similar size. By studying 
the momentum dispersion and resolving power properties of. 
‘the device, he claimed an increase in dispersion of a | 
factor of 4.24 over a semi-circular spectrometer of the 
same path length. 

: In their development of an inclined plane pole- 
Peace spectrometer, Kofoed-Hansen, Lindhard, and Nielsen 
re-examined the motion of the electrons in the Z-r plane 


obtaining essentially the same results as Richardson, 


The family of trajectories was re-expressed as 


ze ak UK, Ww) + z: (Ipt=7e) 
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r= ae (ITI-7b) | 


: 
: d= Constant , (III-7b) 

where a is the value of r at the point where W= 77/2 

‘and kK is the momentum parameter as given by Richardson. 

The function U( kK , W) defined as | | 
| Ys 

= -Kcos & 

2 UK, Ww) = [ cos UY € dw 


was developed in a series of Bessel fvwmctions as 


t 


d 
i 
! 


Ulcw) = iJ Gt )cr-w)- 2. a ay (5,..Gk)- Tae i) sin W .(ITI-8) 


| 
The authors pointed out that for K <1, only four to six | 


: 
terms in the sum over n are necessary to obtain U( K , w) 


to about four decimal places. : 
| By limiting the analysis to the angular range, } 
O< WS Qn , possible multi-loop trajectories were 


: 
avoided. Unsymmetric orbit arrangements were considered 


‘by introduction of a parameter 
: foca) = ZCr= Tmax.) , 


where, for symmetric orbits, pla) = OO. The orbit 


Equations (III-7) were then rewritten as 

| | 

| z=ak U(k,wW)t Pa) (III-9a) 
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aa (III-9b) 


Dp = Constant . (III-9c) 


The shepe of the magnet profile was then determined using, 
Equations (III-9) and the condition that focusing was to | 
take place at the conjugate point on the image side of 4 
the magnet. Using a simple relationship for Pp (a) given 
by ip fa) = Cea, the profile was constructed from the 


equations 


y= Zs K UK, UW) + C 


ee SE (III-10a) 
K UK. W)+ C-cot Wexp {- koe H} | 
| r= Zs exp {- Kcos © f (III-10p) 


K UGK 2w)+C- cot W exp 4- Kos wf ; ) 
| In 1961, O'Connell et al. considered in detail | 
‘the electron trajectories, vertical and horizontal 
‘focusing conditions, image width, image location, energy 
Gispersion, and magnification of the inclined plane pole- 
face Magnet using a simplified procedure. Their method | 
was based on the rectangular pole piece without shaping of 
ene profile, Thus, no compensation for fringe field ef- 
fects was included. These results were consistent with | 


those of Richardson and Kofoed-Hansgen et al. though much 


Simplified in nature. This type of a device is particularly 
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suited for use as a high energy ( > 6 MeV) monochromator. 
| A very definitive study of the properties of | 
‘the shaped profile inclined plane pole-face magnetic Bec 
Mtor spectrometers, including tne effects due to fringe | 
fields, has been reported by Jaffey et a1,?4 Almost 
every conceivable problem associated with this type of | 
spectrometer was anticipated and treated,to some degree, | 
in this exhaustive presentation. Only the salient points 
will be mentioned here, | 
: Using the mathematical theory applied by both | 
‘Richardson and Kofoed-Hansen et al. plus including the : 
‘possible multi-loop trajectories, these authors obtain as. 


itrajectory equations 


| 
{ 

~K 1 
r=ae hts” (III-11a) | 


7 z= ak Lulk,y)+ dani JK) + PAs 5 (III-11b) 
: | 
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where 
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if n is integer 
| Za = Em~alkKcdk)n (=z @ ~wW=o) 3 
| ! 


4fn is half-integer and the inclusion of multi-loop tra-. 
jectories causes the more complex structure of these 
equations to arise, Important facts to be considered 


‘were pointed out as 
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Vary a, K and jy constant. Families of similar 


trajectories result differing only in scale 


factor; thus (a-Z,) and r are proportional 


to a. This is a symmetric family. 


Vary Zy by Ady, K and a constant. 


placement parallel to the z axis in the tra- 


jectory results. The point on the trajectory 


(Z,, ry) becomes (z, + D ey, r,). 


Vary K, a and Z, constant. A variation in the 


form of the trajectory results. 


The most general family of trajectories was 


given by (with K constant) 


} 
' 
| 
' 
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in a form similar to Equations (III-9). This family pro- 
vides the property of complete focusing since, in this 

case, the magnetic field acts on particles of the same i 
‘momentum but with different initial conditions. 


| 
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‘momentum component parallel to the flux lines, the 
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In the case where py # O, i.e., there exists a 
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‘authors gave the following trajectory equations (assuming: 


| pg 1s so small that a, ~da,) 
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Z = ak [cos pe” eee CO eH O14 cosy) /dp + Lan (i 134) 
a ae S97 [44 4 ( Sas) Kos p et ose) (11-138) 


h= kK Viwk,w)Sae + pm (III- 130) 
CQ, 
where 
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é, ZC Te eK) sin Ly (III- r 
| va : 
‘The functionsU(K ,w) and V(K , W ) are provided in tabu- : 
‘lar form by the authors. : 

Using these equations as elements of a boundary 
value problem, the entrance and exit profiles of the mag- 
‘netic field region can be determined. The problems of 
ghost peaks, dispersion, resolution, transmission, etc. 
Ww 


ere treated with and without the effects of fringing and 


ee ee ee ee 


‘techniques were presented for simplified application of 
| the theory to any practical design for a spectrometer. 


As well, all necessary functions useful in the calcula- 


Le A me OS te a EO See hay SG A | tet Ey RR ED OE a SD ws Ae 


‘tions were tabulated, 
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i In brief, the fringe field effects were shown to 


| 


ee generally deleterious effects on the properties of : 


‘this type of magnet. In total, the effects were proven 
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yp 
it ‘reduce the available transmission 
'power?9 of the device although the device was still po- | 
tentially superior to any other spectrometer in terms of : 
transmission Svailable. The major contribution of these 
authors lay in the complete analysis of the total problem, 
thus demonstrating methods to be used to minimize the : 
| problene of the fringe field effects. 

| The design and construction of the Notre Dame | 
‘monochromator predated the complete development of the 
Paenry as related by Jaffey et al. The Notre Dame design, 
wea adapted from the Kofoed-Hansen et al. design, the | 
‘major difference being the use of the 120 degree entrance, 
angle rather than the 90 degree angle of the Swedish de- 


| 
| 
jaan This change was necessitated by the requirement on 


bending the main electron beam,as well as the post- 
‘bremsstrahlung electrons, through angles greater than 90 
degrees. The various theoretical developments just 
‘traced were used by the present author to verify the ex- 
pected operating parameters of the spectrometer. 

| The primary concern in the initial theoretical 
tests was the determination of the correct entrance (or 
(source) position and the correct exit slit position. The, 
ie: location of these positions would serve to ensure | 
attainment of the optimum operating parameters. The de- : 


! 


| : : 
itermination of the theoretical electron trajectories was | 
a =: ees. ee a 2 ae eS eee 
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‘carried out in two ways, each independent of the other. | 


The first method utilized an analog ray-tracing| 
eee, known as the "Bug", which was built in this | 
,laboratory. This device will be considered in some de- ) 
tail in Appendix (D). Using the analog ray-tracing de- 
vice, trajectories were determined for a range of : 
-electron energies large enough to include non-focused | 
‘high and low energy electrons and the proper energy elec- 
‘trons to check the focusing properties with and without ) 
‘the fringe field. Repeatability of the resultant tra- | 
 jectories was checked and found to be within two or three: 


{ 
percent deviation in the region of the magnetic field. 


‘ 
4 


| These analog results were checked by computer | 
‘caleulations using the theoretical expressions discussed | 
‘previously. Some trajectories obtained are shown in | 
Feasts (III-2) and verify that the positionsof the source 
{ 


e 


and exit slits are conjugate points. | 


The positionsof the source and exit slit,as well 
as the proper shape for the exit slit aperture, were ex- | 


1 


perimentally determined by Walter, Shea, and Miller and 
| 
'the method used was discussed in Reference (36), 


| 
| 
| 
| 
| 
} 
| 2. Parameters of Performance 
The disappointing performance of the mono- : 

| 
chromator as reported by Malaker forced a complete re- | 
| 


evaluation of the device and necessitated an experimental 
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Figure (III-2) 
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examination of the effects of source position, exit slit 


position and shape, and the effects due to baffles. 

| a) Transmission and Resolution 

| Due to the insertion of a rotating coil used to 
| measure the magnetic field, the available geometric solid: 
‘angle was approximately 2.65 percent of 47 rather than ! 
the 4 percent figure which was available to Kofoed-Hansen 
Be al. Thus, the probability of achieving the desired | 
transmission value of 2 percent was severely reduced be- 
‘fore any tests were conducted. 

| The initial procedure used was to test the 
‘monochromator in the original configuration as set up by 
‘Malaker, described in detail in a later section, in order 
to improve the performance or, at the very least, to 


explain the low transmission measured by Malaker. The 
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test procedure used was as follows: a calibrated 57 ¢5 


‘source was moved in the median plane normal to the Z-axis, 


| 
— were detected with a plastic scintillator 


\placed behind the exit slit. For each source position, 
the exit slit was sequentially (a) changed in size, then 


Eten (c) moved parallel to the Z-axis. Changing the 


: 


(b) repositioned in the median plane normal to the Z-axis, 
| 
‘position of the source affected the transmission by, at : 


nost, 10 percent. Changes in exit slit position, both | 


parallel and normal to the Z-axis, caused a general | 


| ~57- | 
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Si 


deterioration in the transmission and resolution 


, parameters, 
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The salient feature of these tests was a 


‘failure to improve the transmission by more than 25 per- 


-cent as a result of changes in both source position and 


slit shape. The optimum transmission measured was .21 


‘percent compared to the .!7 percent measured by Malaker. 


(In fact, the transmission without slits or baffles was 


‘only .9 percent of 47 !) 


| 


The problem of the low transmission was re- 


‘solved by moving the plastic scintillator closer to the 


exit slit. When this change was made, the transmission, 


without baffles or slits, was raised to 2.4 percent or 


90.5 percent of the available geometric solid angle. In- 
j 


troduction of a baffle to eliminate direct transmission 


between the source and the exit slit, reduced the trans- 


mission to 1.8 percent, 69 percent of the geometric solid 


angle, at a resolution, 


OP/P, of 9.2 percent. 


The 


‘tests described above were then repeated using the new 


‘position of the scintillator. These tests demonstrated 


an optimum transmission of .7 percent (corresponding to 


‘an electron acceptance cone of half-angle 9.5 degrees) 


iwith an associated resolution of 1.98 percent, 


t 


It was 


|also determined in the course of this investigation that 


‘the electron acceptance cone was right elliptical in 


nature, with the major axis parallel to the Z-axis, 
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irather than right circular as had been previously assumed, 
| | 
‘However, computer evaluation of the bremsstrahlung cross 


sections using a right elliptical electron acceptance 


‘cone of the measured size showed a negligible error was 
introduced by assuming this cone to be right circuler in 
form. 


The introduction of an exit baffle, described 


j 


further in Section (III.B.2.c), was necessary in order to. 
reduce the excessive electron count rate in the electron 
detector. This added restriction resulted in a final set. 


of parameters which were a transmission of .44 percent 


{ 


and a resolution of 2 percent. These parameters were con- 
‘sidered adequate for the pair creation measurements. | 


| 
| b) Figure of Merit | 
| | 
| In previous evaluations of the Notre Dame mono-| 
| | 
‘chromator, the criterion for acceptable performance was ~ 


taken to be the ratio of the number of monoenergetic | 
‘photons produced to the number of electrons detected in | 
the electron detector. Thus, if the electron count rate 
was higher than expected the relative performance of the 
monochromator appeared to be unsatisfactory. Since all | 
‘previous checks had indicated an excessive electron count: 


| 
—” it was necessary to determine a parameter which was) 
'@ measure of the efficiency of the system for producing | 


i 
monochromatic photons in a given solid angle for a 
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imeasured post-brersstrahlung electron é@ccentance solid 

angle, without regard for the accompanying electron count 
te. The figure of merit was defined as the ratio of 

ithe measured bremsstrehluns cross section, to be eae 

te the calculated cross section (célculeted using Scuatior 


(II1-29))for the seme photon emission solid engle and 












electron emission solid angle. The ratio is siven by 
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Numerous tests using foils of various —e 
: and etomic numbers were conducted. Over the frection= 


al photon energy range .4 to .6 using a thin (1.16 ng/em@ 





Ni foil, an average figure of merit of 1.07 + .O7 was 
Beira. Final tests with a gold foil (1.41 mg/cm®) 
=z. the fractional DOO Cheney aam2euOn 5 LOM. ao gavel 
on average figure of merit of 1.00 + .06. The conclusion 
is therefore clear that the monochromator is very effi- 
cient in tne production of monoenergetic photons. 

c) Electron Scattering 

The major problem experienced in the continuing 
i\development of the monochromator has been the existence 
os extraneous electrons, nominally of the correct energy, 


To-K, but not corresponding to the production of mono- 


energetic photons. In the work of Walter and Shea, 








inelastically scattered electrons were found to give a 
pfactor of 10° too many electrons. The introduction of a 
45 degree bending magnet bvetween the energy control slits 
and the gold foil eliminated the slit scattered electrons 
(a factor of 10) but there remained a factor of ten 
times too meny electrons. This difficulty was sufficient: 
to obviate the use of the monochromatic technique in | 
nuclear resonance fluorescence studies. As a result of 
this experience, Malaker suggested the existence of an 
extra factor of ten in the inelastic electron scattering | 
cross section. 

In order to gain insight into the possible 
sources of the excess electron rate, consideration of the 
electron scattering phenomenon is important. Bremsstrah-. 
lung is not considered in the following discussion, | 
When electrons interact with matter, the parti- 
cles can lose energy and can be deflected from their 
original trajectory. In the energy range of 1 to 3 MeV, 
the deflection of tne electrons is almost entirely due to 
‘elastic interaction with the atomic nucleus. The energy : 
ose results from interaction with the atomic electrons. | 
‘It is possible to consider these two phenomena separately. 
although they occur together. 

4) Elastic Scattering 


Elastic scattering can be considered in four 
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Moliére!®, and by Snyder and Scott. 
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classes as: (1) Single Scattering, (2) Plural Scattering, 
(3) Multiple Scattering, and (4) Diffusion. The criterion 
for determining which process takes place is expressed 

in terms of the areal density of the foil and the cross 
section for the scattering process. For the foils used 
in the present research, the condition n T scart. al 

is satisfied and muitiple scattering is the dominant pro- 
cess. Generally speaking, multiple scattering indicates | 
that the target is so thick that the mean number of 
scattering processes which take nike in the foil is 
larger than about twenty. The angular distribution 


function is approximately Gaussian unless the mean angle 


t 
t 


{ 
: 


of scattering is greater than approximately 20 degrees, /? 
Theoretical investigations of multiple scat- : 
tering have been carried out by Bothe/©, Williams!/, | 
19 For small values 
of the scattering angle (®< 20 degrees), Molidére ob- 
tains relatively simple, and experimentally confirmed, 
angular distributions for the probability that an elec- : 
tron passing through a foil of thickness d will be scat- | 
tered through an angle ® into the solid angle 


a2 = 27rGd@® . His expression is given by 


t 
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Wi@)2ndd@ = [Rexp (- 6*) + F(6)/B+ 5 (e)/B*+... Jade (III-15) ' 
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where 





44.83 2 
Q= O/B } ee = y * degrees 


| T< moC*_ mc ~ 
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with n being the foil areal density (g/cm), Z is the 
atomic number of the atoms of the foil and A is the atomic 
weight, T and m, are the kinetic energy end rest mass of 


the incident electron. The parameter 5 is related to the 


mean number of collisions, C, given by Moliére as 


lag,gC = 8.2IS+ log} mn _ JT" Ture 6 
we AZ™3 115 + 3.76 J \ 


with Y = «2/f . 
Projecting the distribution of Equation (III-15) 
onto 4a plane parallel to the incident beam direction 


results in a "projected angular distribution" given by 


Vy 


wWigydg = [tw *exp-g*)+ fiove + f.o/B%+...] dg (Viet) 


“where 
p= D/X.¥B 
B is tabulated in References 75 and 78, for various 


values of Cc. The functions Boy F 9 and fs have also 


a 1? 
been tabulated by Moliére, 
The mean value of the scattering angle, ® » 18 


given by Moliére as 
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@, = X,(1.007B-1.33) 7. (III-19) 
Experinental studies by Kulchitsky and Latyshev® 


with 2 MeV incident electrons, confirms, for a large number 


A series of calculations on the distributions 


= mean scattering ansles in e variety of target foils 
| 


‘density of the foil (through the B pverameter) might play 


wes carried out. The results of this study indicated tha 


the dependence of the mean scattering angle cn the éreal 
an importent role in accounting for the excess electron 


| 
| 
oe. rete. This circumstance e2rises due to the vossi- 
oi, of widely scattered electrons interacting with the 
a... end pole pieces of the monochromator magnet in 
smetoeti collisions after the scattered electrons had 


‘passed the foil. For @ gold foil of ereal density 2.56 


and an incident kinetic energy of 2.86 MeV, the 
— velue of the scattering ansle is 7.6 degrees indi- 


cating tnat e« finite percentage of the electrons is 
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elastically scattered to larger angles. Thus, since the 
angle between tne median plane and a pole piece is 15 de- 
grees, and also since the effect of the magnetic fringe 
field is to bend off-axis particles towards the pole 
pieces, a finite percentage of the beam might nit the 
paffles and pole pieces. A simple calculation shows that 
if only 16 electrons per million in the main electron 
beam were thus scattered from the baffles and pole pieces 
.guch that their trajectories terminated in the electron 
detector, the excess electron rate would be accounted 
for. The use of a 1.41 me /em® foil at the same energy 
reduces the mean scattering angle to a value of 3.8 de- 
grees. More importantly, the use of thinner target foils, 
coupled with a new exit baffle, did reduce the excessive 
electron count rate by about a factor of three. 

141i) Inelastic Scattering 

Since the majority of theoretical and experi- : 
“mental studies of energy loss by electrons in matter are | 
concerned with the most probable energy loss and the mean 
energy loss per unit path length, it was difficult to de- 
termine the value of the relative cross section for 
energy losses of the order of .5T, or greater. The ex- 
cellent papers by Paul et al, ,°@ Knop et oh aa and Febal 
et ai, o4 allow at least en approximate determination of 


the relative magnitudes of the bremsstrahlung and 
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inelestic processes, From the former papers, it can be 
deduced that, for large energy losses, the contribution 
to the electron count rate would be of the order of 1.3 
electrons per million in the main electron beam for foils 
of areal density 2.2 me/om. This is roughly one order 
of masnitude less than the value needed to account for 
the excess detected electron rate. 

1141) The Excessive Electron Count Rate 

From the discussion of the former two sub- 
sections, it is possible to reach at least some qualite- 
tive conclusions as to the origin of the electrons de- 
tected which do not correspond to monoenergetic photons. 
The inelastic electron scattering contribution seems to 
be a factor of ten too low to account for the extra elec- 
trons if they are assumed to arise from processes in the 
foil. On the other hand, the use of thicker foils 
(2.56 me /em® ) gave rise to higher count rates than did 
“sie thinner foils (1.41 me/em“), the difference being 
uneccountable solely in terms of inelastic processes in 
ele two folls. The difference could be understood in 
terms of a reduced number of interactions in the vacuum 
chamber corresponding to the smaller mean scattering 
angle for the elastic process in the thin foil. 

At the same time that the thin foils were in- 
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| troduced into the system, an exit baffle was positioned 
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Figure(III-3) | 
Initial monochromator configuration 
showing positions of baffles and 


beam defining slits. 
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f 
‘in the vacuum chamber in such a manner that part of the 
graphite collection box, which monitors the main bean, 
was mesked. Since this part of the collector box was 
nearest the exit slit and could no longer be reached by 
the main beam, it is not possible to state unequivocally 
that the use of the thin foils or the baffle alone was 
responsible for the reduction in the electron rate. The 
reduction was deemed evidence enough that the processes 
'4n the foil were not the sole cause of the excessive 
“count rate. 

3, Monochromator Configurations 

a) Initial Configuration 

As shown in Figure (III-3), the initial mono- |. 


_chromator configuration consisted of an entrance slit, a | 





baffle between the entrance and exit apertures, and an 
exit glit. The entrance slit consisted of a circular 
dise of graphite one inch in diameter having a centered 
three-sixteenth inch diameter hole drilled into 4t, The 
side of the slit towards the exit side of the system was 
‘grooved in order to pass the beam which was deflected in 
‘the fringe field of the magnet as soon as it left the 

| soft iron shunt flange. The vertical baffle, which stood . 
at the apex of the pole-face in the fringe field of the 


t 


‘magnet, was constructed of one-half inch thick graphite. 


| 
The exit slit consisted of a one-eighth inch thick lead | 
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@ise with a one-sixteenth inch wide by one inch high 


quarter moon slit located one quarter-inch off center. 
The long dimension of this aperture was vertical and the 
precise shape of the slit was determined from the elec- 
tron beam photographs of Walter and Shea. The plastic 
scintillator was positioned about one and one-haif inches 
away from the exit slit. This configuration gave a 
transmission of .17 percent. 

b) Intermediate Configuration 

Tests conducted on the monochromator while in 
the above configuration indicated that some major changes 
were necessary if the performance of the device was to be 


improved. Transmission measurements indicated that the , 


circuler exit slit tended to cut off electrons due to the, 
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unexpectedly strong effects of the fringe field. Also, 

the entrance slit did not prevent the scattered electrons 
from striking the aluminum rotating coil holder so that 

the possibility of the beam interacting with this object 
was present. For these reasons, the entrance slit was 
replaced by an entrance baffle constructed of one-half inch 
thick graphite. The aperture of this baffle was con- | 
structed so that at least + 14 degrees of the #-angle 

and a range of entrance angles, “Was from 90 degrees to 

150 degrees were available. The vertical baffle was re- 


designed and constructed from one-half inch thick lead, 
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Figure (III-4) 
Intermediate monochromator configuration 
showing entrance baffle and relocated 


plastic scintillator. 
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The exit slit remained essentially unchanged in position 
ane shape. The plastic scintillator was moved to within 
three-thirty-seconds of an inch of the exit slit. The 
transmission in this configuration was measured to be .7 
percent. This configuration is shown in Figure (III-4). 

c) Final Configuretion 

Difficulties with an excessive electron count 
rate led to the introduction of yet another baffle. 
'This baffle, constructed of one-half inch graphite, was 
placed onto the exit side of the magnetic field and was 
placed close to the pole edge in a manner similar to the , 
Pativance baffle. The aperture of this baffle allowed a 
-ceptance of ¢-angles less than + 14 degrees and re- | 
stricted the range of entrance angles to approximately 
100 degrees to 150 degrees. This reduced the available 
‘geometric solid angle to about 2.24 percent of 471 , 
‘The entrance baffle, vertical baffle, exit slit, and 
tpieeic scintillator were left unchanged. The exit | 
‘paffle was positioned in such @ manner as to mask part - 
the collector box used to monitor the main electron bean © 


j 


‘current, It was therefore necessary to limit the range 
| 
‘of available photon energies according to the relation- 
‘ship 

| le = C-\i Ty 

‘where C>1.5, in order to keep the main beam away from 
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‘the exit baffle. The measured transmission for this final 
configuration was .44 percent. The set-up is depicted in 
Figure (III-5). 


C. Bremsstrahlung and Pair Creation Targets 

1, Bremsstrahlung Target Foils 

f& number of thin self-supporting gold foils 
have been used in the tests of the monochromator and in 
the pair creation study. These foils, obtained from 
J. M. hey Company, ere cut by a machined die of known 
area. The areal density is then determined by weighing 
the foil section. The gold foil used in the investiga- 
tion of the pair creation process had an areal density 
of 1.41 + .01 mg/cm and was shown to be free of holes 
be nd visible flaws by microscopic inspection. 
! 2. Pair Creation Targets 

The target samples used in this experiment were 
positioned at a distance of 69 centimeters from the | 
‘premastrahlung foil. The target was rotated so that the | 
normal to its front face bisected the angle formed at the’ 
intersection of the incident beam direction and the 
center line of the detector. The geometrical center of 
Fhe target was placed at the intersection of the beam | 
line and detector center line. Repeatability of this 
set-up was ensured by use of a target stand, the loca- 


tion of which was measured with a precision transit. 
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Figure (III-5) 
Final monochromator configuration showing 


exit baffle, 
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The rotatable target stand rested on a lucite disc 
inscribed with alignment marks et 30 degrees and multi- 
ples of 45 degrees. Froper angular alignment was en- 
sured by Lining up the 30 degree reference mark with a 
‘beam direction line inscribed on the immovable aluminum 
‘table. The height of the target holder itself was made 
such that the center of the target sample would be at the 
altitude of the bremsstrahlung source, 

The lead target consisted of four matching 
natural lead sheets, each four inches high by four inches 
long by one-eighth inch thick, arranged to form one piece 
with dimensions eight inches wide by four inches high by 
“one-quarter inch thick. The areal density of the target 
was measured to be 6.985 + 0.07 em/em. | 


: The tin target was made up of sixteen sheets of! 
i 


‘lead-free natural tin,each six inches wide by four inches 
‘nigh by one-sixty-fourth inch thick, arranged to form one : 
Piece of dimensions 6 inches wide by 4 inches high by one+ 
fourth inch thick. The areal density of this target was 
‘determined to be 4,47 + .04 em/om*, The tin was supplied 
by Fisher Chemical Company. 

) Both targets were initially encased in sheets 
‘of lucite, one-sixteenth inch thick, front and back in or- 

i 


der to ensure that any positrons escaping from the target 


would annihilate in the lucite. Experimental measurements 
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indicate that, within the statistical uncertainty of the 
data, the effect of the lucite was negligible. The lucite 


was used for support, however, 


d 


D. Detection and Counting Systems 

1, The Experimental Layout 

Annihilation radiation arising from pairs 
created in the target samples was detected at 120 degrees 
relative to the incident beam direction, as indicated in 
Figure (III-6). The scintillator used was a two inch 

VWeneter by two inch thick NaI(Tl) detector, obtained from 

the Harshaw Chemical Company. This crystal was mounted, 
‘using Dow Corning type C-2-0057 silicone coupling com- 
pound, on an RCA-6342A multiplier phototube. The photo- 
‘tube was wrapped with Netic and Conetic magnetic shielding 


4 


'material obtained from Perfection Mica Company. ! 
| Monochromatic photons were detected at zero de-. 
i'grees,as indicated in Figure (III-7), using a second two | 
linet by two inch Nal(T1l). This crystal was also mounted : 
Ven an RCA-6342 multiplier phototube but with Dow Corning 
"200" coupling fluid. Magnetic shielding material also 
protected this phototube. 

| Recommended”? voltage dividers were used for 
‘both tubes such that the application of -1500 volts to 
,the photocathode provided the correct dynode potentials. 


_The power supply used was a Power Designs Supply Model | 


es 


a = 





Figure (III-6) 
Experimental layout showing 120° photon 
detector and electron detector, with 


photon shielding. 
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The post-bremsstrahlung electrons corresponding 
to monochromatic photons were brought to a focus at a 
NE-102 plastic scintillator, obtained from Nuclear Enter- 
prises Limited, of diameter one inch and three-sixteenths 
of an inch in thickness. The scintillator was coupled, 
with the Dow Corning type C-2-0057 compound, to an opti- 
cally clear lucite light pipe which in turn was coupled in 
the same manner to an RCA-7746 multiplier phototube. 
This phototube was wrapped in magnetic shielding material 
and in an insulated layer of aluminum foil which was con- 
nected to the photocathode to provide an electrostatic 
shield. 

A recommended voltage divider was used such 
that the application of between -2000 volts and -2400 
volts to the photocathode provided the correct inter- 


dynode potentials. The commonly used voltage was -2000 


‘volte being provided by a Fluke High Voltage Supply. 


The use of the long light pipe in the electron 


‘detection system was necessitated by the magnetic fringe 
‘field interaction with the RCA-7746 multiplier phototube. 


When the photocathode of this tube was closer than 2.5 
inches to the exit slit, the magnetic field in the mono- 
chromator could be set to only 60 percent of its maximum 


value before distortion and gain loss occurred in the 
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Figure (III-7) 
Experimental layout for monochromats 
showing photon shielding of the mono- 


chromatic photon detector. 
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phototube output. Placing the tube in position so that 
the photocathode was needenicalig well shielded and more 
than 2.5 inches from the exit slit allowed use of the full 
magnetic field with no detectable pulse distortion or 
loss in gain. 

The choice of the two inch by two inch NaI(T1) 
scintillators was dictated by the necessity to compromise 
pulse rise time and detection efficiency. A larger ! 
crystal would give better detection efficiency but a slow. 
‘rising pulse while a smaller crystal would give a fast 
pulse but with poor detection efficiency. The rise time 
of the current pulse from the two inch by two ineh crystal 
ils about 25 nanoseconds while the detection efficiency is: 
“about 55 percent for .511 MeV photons. These parameters | 
were deemed sufficient for the present studies. 
! The Ne-102-RCA-7746 combination was selected 
after testa of various combinations of Pilot "B", Naton 
136 and NE-102 scintillators with 7746 and 6810A multi- 
plier phototubes. 


2. Electronics 
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Standardized electronics madules were used in 


the coincidence circuitry for the investigations reported 
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used in soanttet Lor with an amplifier and: pulse shaping 


‘clrcuit designed Dy Er 7 \chagnon. ©. The amplifier 
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Figure (III-8) 
slock diagram of the electronics 


used, 
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cireult was used in the choton arm and allowed for 
flexibility end reliability in the selection and enerry 
analysis of the samma-ray pulse height spectrum. Figure 
(III-8) is a block diagram of the electronic apparatus 
used, ‘the circuit labelled Al is the Chagmon designed 
circuit mentioned eezrlier., 

the purpose of the circuitry is to selectively 
energy anelyze the pulses from the NaI(7T1l) erystals. 
This selection is carried out by opening the gate of the 
circuit wnenever a time coincidence occurs between & 
post-bremsstrehlung electron of energy T,-k and an ennihi- 
lation photon (or, in the case of monochromats, a photon 
of enersy, k). The coincidence selection is made on the 


basis of a required coincidence between the output pulses 


of the Chronetics discriminators labelled Dey and Den 
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in Figure (III-8). The occurance of the required coinci-| 
dence in a Chronetics And circuit gives en output pulse 
which controls the opening of the gate in the At me: 
Those pulses which sre passed by the gate are energy 
enalyzed in a iluclear Data Model 160 Analyzer System. 

£ fTast-slow coincidence technique modeled after 
thet used by Malaker was tested extensively and found to 
provide no significant improvement over the fast coinci- 


dence only system finelly used. 





a) The Fast Electron Arm 

The fast output current pulses from the RCA- 
7TT46 multiplier phototube were transmitted from the tar- 
get area to the control room over approximately 150 feet 
of RG-62/U cable directly to the input BNC of the Chro- 
netics Nanologic System. Continuous checks were carried 
out to ensure that no reflections or multiple pulsing 
events occurred. These checks were made using either the 
Tektronix type 561A oscilloscope with a 3T77 sampling 
unit or with a Tektronix type 581 oscilloscope with a 
type 82 vertical amplifier. The rise time of the former 
combination is 0.4 nanoseconds and for the latter 1.5 
nanoseconds. No reflection problems were encountered. 

b) The Fast Photon Arm 

The output current pulses from the RCA-6342A 
multiplier phototube were transmitted over approximately 
140 feet of RG-62/U cable to the control room. These 
pulses were inputs into the amplifier system, Al. In 
this circuit, the signal was split with the "slow" signal 
‘being integrated and shaped and delayed. The "fast" 
‘signal was clipped and sent into the Chronetics coinci- 
Bence system. The lower level discriminator of the Nano- 
logic discriminator triggered at a pulse height correspond- 
ing to a 100 keV photon. The resulting discriminator 


output pulses were monitored by a Hewlett-Packard (Model 
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5254L) electronic counter in order to provide continuous 
information on the integral photon counting rate. 

: In each arm, the first discriminator output 
pulses were used as inputs to a second Chronetics dis- 
criminator in an effort to increase reliability at high 
count rates, The use of the uniform output pulses of 
‘Diy (or Di, ) as inputs to other discriminators (D2, 
or D2 4 ) did allow an increase of a factor of 10 in the 
repetition rate in each arm, 

The gain of the system was adjusted to place 
the 511 keV photons in relative channel thirty and to 
give a 12 keV/channel slope to the energy versus channel | 
enalyzer resolution curve. Linearity of system gain was | 


6040, For the mono-~ 


checked using sources of '37¢s and 
chromat runs, the same system was used except that for 
timing checks the analyzer resolution was changed by 
adjustment of the voltage on the photon detector base in | 
‘order to give the monoergic photons a pulse height cor- | 
responding to the annihilation radiation pulse height | 
from the NaI(T1l) detector. Gain stability was checked 


using the sources previously noted. 
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c) Intrinsic Circuit Resolving Time 


ee 


The intrinsic resolving time of the fast coinci-+ 


dence system was tested using either a Texas Instruments 


207 


Company pulser (Model 6613R) or a Bi source. In the 
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Figure (III-9) 
Intrinsic resolving time delay curves as a 


function of delay in the electron arm, 
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tests with the pulser, the output pulse was shaped to 
approximately the form of the election detector output 
pulse and was then split with one signal going to the 
electron side of the system unaltered while the other 
signal was stretched and used as an input to the photon 
arm of the coincidence circuit. Delay curves were then 
taken for various lengths of the clipping lines used with 
D2y and Deg . These curves are shown in Figure (III-9). 
The tests using the cO'Es source were conducted with the 
source placed in the foil position by gating the detec- 
tion of the 570 keV gamma-ray, from the first excited 
state transition to the ground state in cOT pp, with the 
970 keV K-conversion electron from the decay of the 
1,634 MeV level in ©°’pb to the .570 MeV level. These 
curves are shown in Figure (III-10). 

d) Overall Circuit Resolving Time 

Final tests on the circuit resolving time and 
Paeidence efficiency were conducted by measuring the 
yield of monoenergetic photons as a function of delay in 
the beta arm of the coincidence system. This curve is 
shown in Figure (III-11). The final resolving time, 27 
equal to 7.6 nanoseconds, was used since this set-up pro- 
vided ample assurance of 100 percent coincidence effici- | 


ency. The four nanosecond wide flat-top of the curve 


would allow as much as a two nanosecond shift in timing 
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Figure (III-10) 
Overall circuit resolving time as a 


function of delay in the electron arn, 
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Figure (III-11) 
Typical operating resolving time curve as 
a function of delay in the electron arm 


using monoenergetic photons, 
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; vithout destroying the property of 100 percent coincidence 


efficiency. 


so Detection Efficiencies 
The detection efficiencies for the annihilation 
photons were experimentally measured by use of a gamma- 
ray source of known strength placed successively at the 
center position of each of the volume elements into which 
the target sample had been divided (see p. 33 ). The 
number of photons was then counted at each volume element 
for a fixed time interval, 
The same aluminum grid plate described by 
Loscoe was used for this measurement. The aluminum grid 
. was placed at the target position and the IJ positions 
| ‘were counted. Due to the thinness of the target samples 
only the k = 1 measurement was made. The effects of the 
‘absorption in the véerious conceptual K layers were evalu- 
ated in the computer calculation of the yield expression 
‘Bince the uncertainty in target (grid) location was of 


f 


‘the order of the uncertainties in the absorption coeffi- 
‘eients,°7 

The absolute gamma-ray emission rate of the 
source used in the Getection efficiencies determination 
-— measured with e three inch by three inch Nal(T1l) 
crystal. The source was placed along the center line of 
the detector at three accurately measured distances and 
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the number of counts in the full energy peak was 
determined for each distance, The solid angle subtended 
by the crystal at the gource was calculated and the known 


values°® 


of incident intrinsic efficiency and peak-to- 
total spectrum ratios were used to provide the source 
strength for each position. The weighted mean of these 
three measurements provided a measured source strength to 
within + 5.0 percent. 

| source full energy peak efficiency 1) is taken 
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where 5 is the measured source strength and Np is number 
of counts in the full energy peak. The efficiency for 
‘each volume element was determined by dividing the number 
of counts under the photopeak by the measured source 
strength, The statistical uncertainty of the measured 
‘area under the full energy peak (after a computer fit) 
varied from + 3.3 percent (the worst case) to less than 
1.5 percent (the best case). The variation noted resulted 
‘aue to the location of the volume elements, those far- : 
thest from the center line of the detector having the : 
greater atatistical uncertainty. The corresponding BR ees 
full energy peak efficiencies were thus known to within 

+ 6 percent and + 5.2 percent respectively. 


Due to the manner in which these efficiencies <a 
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were measured the attenuation of the annihilation quanta 
in the lead and graphite absorbers placed before the de- 
tector was included in the measured values of a - 

Iwo sources were used for this measurement. 
The relative efficiency measurements were made using a 
'37¢s source of high specific activity. The annihilation 
Quanta from a cena source of low specific activity were 
used to provide the reference value 1, for the measure-' 
ment. As a consistency check the 131 Gg data were 
erected for; 1) the total absorption coefficients for 
the pair creation samples and the lead and graphite ab- | 
89 


sorbers, 2) the incident intrinsic efficiencies ~ for 
the two inch by two inch Nal(T1) crystal, and 3) the 
‘peak-to-total spectrum ratio”© for this crystal, These 
omnestions resulted in a corrected We for this yee 


data which was in agreement with the =e Na value. 


F. Photon Shielding 

: A mejor experimental difficulty encountered in 
using the bremsstrahlung continuum in the production of 
monochromatic photons is the presence of a large number 
of extraneous photons produced in the target foil or in 
‘any part of the beam handling system struck by the main | 
beam. Great care must be taken to provide a clean un- 
cluttered beam path, to optimize detector locations, and 


to place as much shielding as possible between the _ 


Bay) 





detectors and points struck by the bean, 

Three major sources of bremsstrahlung flux are 
the energy control slits, the target foil, and the 
graphite collector box. Introduction of the 45 degree 
bending megnet allows the experimental set-up to be 
placed out of the direct flux of slit produced bremsstrah- 
lung quanta, The bremsstrahlung produced in the graphite 
collector box is directed away from the detector since 
the main beam is deflected through an angle of 90 degrees 
or more, relative to the incident beam direction, before 
hitting the collector box and the resultant bremsstrahlung 
distribution is peaked in the forward direction. The 
flux produced in the target foil is attenuated over the 
direct path to the detectors by the use of lead and 
‘Mallory-2000 shielding, a tungsten alloy with a density 
of 18 g/om?, These factors will be discussed in some 
detail in the next two sub-sections. 
| 1. Electron Detector Shielding 
| The electron detector assembly is located in 
the flux of photons produced in the energy control slits, 
in the bremsstrahlung target, and in the baffles, col- 
ctor box, and exit slit of the monochromator. 

In the direct line between the energy control 
islite and the plastic scintillator were placed four incheg 
of Mallory-2000 metal and ten inches of lead. The count 
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rate in the electron detector from this source is negli- 
gible. 

The distance vetween the gold bremsstrahlung 
foil and the plastic scintillator was occupied to a large 
extent by the monochromator vacuum chamber, For this rea- 
son the vertical baffle in the monochromator was con- 
Structed of one-half inch thick lead. There was also 
sufficient space external to the vacuum chamber to place 
2.35 inches of Mallory-2000 between the foil and the 
Sseintillator, The cross section for bremsstrahlung pro- 
‘duction at 90 degrees is small and therefore the flux of 
Pictons arising in the foil and being detected by the 
‘plastic scintillator is estimated to be negligibly small. 

The number of photons produced by bréneetrehlung 
An the baffles, collector box, and exit slit of the mono-. 
chromator and detected by the electron detector was 
‘measured by filling the exit aperture with a one-half 
‘inch thick graphite disc. Over the fractional photon 
‘energy range used in this experiment, .5 to .75, the 
contribution to the total count rate was less than 5 
percent. 

i As seen in Figure (III-6), the electron de- 
tector assembly was positioned in a lead and Mallory-2000 
‘house which provided a maximum of 14 inches of shielding 


and a minimum of 2 inches (top). The total amount of 
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shielding used was limited by the space available for the 
construction of the house, 

The small size of the plastic scintillator 
coupled with a low absorption coefficient also aided in 
keeping the photon contribution to the total count rate 
small. 

2, The Photon Detectors Shielding 

The interlocked lead house described in detail 
by Loscoe was used to house the annihilation radiation 
detector. This set-up is shown in Figure (III-6 ) also. 
two changes were made to the house described by Loscoe, 
however, 

First, only the 120 degree detector position 


wes used in the present research with the other channels > 


.being filled with approximately eight to ten inches of 
lead shielding. The two inch by two inch NaI(T1) de- 
tector was further shielded by a lead collar to prevent 


scattering-in by photons which penetrate the lead house. 


Second, the necessity to mount the drive motor 


for the rotating coil in the lead shielding, approximately 


between the target foil and the 120 degree detector, 


forced an approximate two inch reduction in available 


lead shielding. This loss was made up to some extent by 


“repositioning the Mallory-2000 material as indicated in 


} 
‘Figure (III-5 ). Previous measurements have shown that 
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no more than two percent of the total photon count rate 
arises from direct penetration of the lead house. About 
182 centimeters of leadwere placed between the 120 degree 
detector and the energy control slits. More than five 
tons of lead and two hundred pounds of Mallory-2000 were 
used in the construction of the shielding assemblies, 

Another much smaller lead house was constructed 
for the monochromatic photon detector. This house used 
the lead pig assembly used by Malaker and described on 
page 73 of Reference 90. Additional lead bricks were 
used to collimate the photon flux and to shield the back 
of the assembly. With the exception of the entrance 
aperture, a minimum of two inches of lead and a maximum | 
‘of six inches of lead shielded this detector. (Removal 
of the rear protection showed that only five percent of 
a total photon count rate was due to photons back- 
Peatterea from the walls of the target roon.) 
G. Procedure 

In any measurement involving the use of photons. 
from the bremsstrahlung spectrum to measure a physical 
process, the number of usable photons in the energy in- 
pve and solid angle of interest represents a major | 
source of uncertainty. Therefore, the use of either well 
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verified theoretical predictions of the cross section or 
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experimental measurements of the cross section is 
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Figure (III-12) 


Monochromator in detail. 
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necessary to gain an accurate knowledge of the incident 
‘flux. Since no measurements have been made integrated 
over the small electron emission cones used in this ex- 
periment, it was necessary to carry out, as an adjunct 


experiment, measurements of the required bremsstrahlung 





cross sections, 
1. The Bremsstrahlung Cross Sections 

The yield of monoenergetic photons was measured 
by placing a well shielded two inch by two inch NaI(T1) 
detector in the direct photon flux with the detector 
center line coincident with the incident beam direction. 
Ideally, the detector should be so set up that it subtends 
&@ solid angle at the foil equivalent to that of the pair : 
creation target. For incident electron energies of 1.65 
MeV or less, this procedure was possible if the beam 
current did not exceed 10 nanoamperes, since higher cur- 
rents produced excessively high ( > 20 kHz) counting 
rates in the photon detector. For higher incident elec- 
tron energies, it was necessary to reduce the detector | 
solid angle. 

Measuring the bremsstrahlung cross section for : 
5 small photon emission solid angle raises a question of | 
Praiiaity in extrapolating the measured cross sections to 
larger photon emission solid angles (such as that sub- : 


‘tended by the pair creation target samples). 
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of this test that the figure of merit measured for a | 


‘small photon emission solid angle could be applied to the 


ineident electron energies of 2.86 MeV and 2.3 MeV. At 
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To examine this dilemma, a series of measure- 


iments was made with the detector located 25 cm. from the 


‘foil and subtending a solid angle equivalent to that of 


the target sample. The detector was then relocated a 


distance of 4,5 meters from the foil and the measurements 
repeated, A comparison of the resultant figures of merit 
indicated no significant change in the figure of merit 
“within the statistical and geometric uncertainty of the 


measurement. These measurements were made at an incident 


electron energy of 1.54 MeV and a monoenergetic photon 


“energy of .66 MeV. The assumption was made as a result 


’ 


: 


theoretical cross section corresponding to the target 
solid angle to an accuracy within the uncertainty of the | 


measurement. 


Monochromatic photon yields were measured for 


t 
1 


the former energy, 4 x 1072 Coulombs of charge were col- 


lected for each of five photon energies, which were 


1.5233 MeV, 1.570 MeV, 1.71 MeV, 1.85 MeV, and 2.0 MeV. 


‘At the latter electron energy, 8 x 107? Coulombs of 


charge was collected at a photon energy of 1.2 MeV. 


2. Pair Creation 


The target sample was placed in the photon flux 
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in the manner described on p. 70 using the target holder 
assembly. The electron beam was then brought out of the | 
‘accelerator and steered onto the gold foil. For both the 
bremsstrahlung and pair yield runs the beam was centered © 
‘using the following techniques. The current through the 
LEFT/RIGHT coil of Steering 6 (see Appendix B) was varied 
until the beam struck the annular steel foil holder. The 
monitored photon rete increased notably and the current | 
in the coil wes then reversed and increased until the 
same nominal photon count rate was obtained for the op- | 
‘positely directed current. The field in the 45 degree | 
Magnet was then adjusted so that equal deflections were 
necessary to obtain the same monitored counting rate. 
‘When this wes achieved the beam was centered left/right. 
Vertical centering was achieved in the same manner except, 
that the current through the UP/DOWN coil was adjusted to 
be half of the algebraic sum of the currents required to 
move the beam to the top and bottom of the foil, respec- 
tively. 

The centering process was repeated whenever the. 
incident electron energy or the monochromator magnetic | 
‘field was varied. Moreover, the centering was checked 
before each data run to ensure that the photons being 
used arose only in the gold foil (experience has shown 


‘that the slightest striking of the foll holder, even if 


erase oo — 


ZOO 





| aoeee ne wren eet ee nee on ep ete 
— — ~~ et ne ee ee we ee 8 ee - a 


— 
—_- oncemnten fe om: 


‘only temporsry, completely invalidates the data). 


omer te. 


For the pair creation yield measurements, the 
‘collection of ome Coulombs of data, with an average bean 
current of .! microamperes, constituted one run. The 
‘limiting factor on the beam current was the average count 
rate in the electron detector which was maintained at a 
level no higher than 5 MHz. This average rate wes de- 
termined to arise from instantaneous rates as low as 100 
‘kHZ and as high as 12 MHz. 

! Checks using natural sources were made on the 
gain stabllity of the detection and counting system 
periodically throughout the data collection process. Une 
Diese the photon counting rate exceeded 30 kHz, no detect- 
‘able drift was noted. In the annihilation radiation de- 
Eeetor, with the electron rate at 5 MHz, the photon count 


j 


irate never exceeded 1.2 kHz. 
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| The data were taken sequentially as true plus | 
‘chance coincidence runs, with proper delay in the B -arm, 
‘followed by a chance coincidence run, with @ delay : 
greater than the resolving time of the circuit in the 
3 fs ~ermn, A timing curve was also taken at the start of 
each period of data collection. <A typical timing curve 
‘was presented in Figure (III-11). 

| The data taken were normalized to the total 


number of electrons accumulated. The accumulated charge 
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was measured using the current integrator described 


elsewhere. 97 


: The chance coincidence runs are necessary to 
correct the true plus chance coincidence spectrum so 
that only the yield due to monoenergetic photons is 
considered in the cross section analysis, The chance 


spectrum serves, therefore,as background reduction data, 
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Figure (IV-1) 
Typical pulse height distribution 
of monoenergetic photons showing 
uncorrected total and chance co- 


incidence spectra. 
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IV. DATA REDUCTION AND ANALYSIS 

A. Monoenergetic Photons 

The pulse height distributions were prepared 
for fitting by subtraction, channel by channel, of the 
chance coincidence spectrum from the total coincidence 
spectrum. Examples of these distributions are shown in 
Figures (IV-1) and (IV-2) before and after subtraction, | 
respectively. The background subtracted result was then © 


fit to a Gaussian using the method of least squares. An 


ee ee ee 


example of the fitted spectrum is shown in Figure (IV-2). 
| The area under the fitted peak, corrected for 
total detection efficiency, was taken to be 4 measure of | 
the number of monoenergetic photons incident on the de- } 
tector. The measured cross section was then determined 


using Equation (II-14a). 
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‘The figure of merit, for each energy, was then determined 
las discussed in Section (III.B.2.b). The measured brems- | 
strahlung cross sections and figures of merit are pre- 
sented in Table (IV-1). 
B. Evaluation of the Yield Expression 

The use of the bremsstrahlung radiation as a 
‘Source of monoenergetic camma-rays necessitated the use 


of a large target sample in order thet a high percentage 
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TABLE (IV-1) 
fleasured bremsstrahlung cross sections and figuree of merit for 
slectron emission into a cone of half-angle 7.6° and photon 


mission into a cone cf half-ansle .5°, 
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Ls 0 M 
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2.86 ibe ft Ae)S. 0151 + ,009 099 + .06 
2.00 A a .6 2102 + 006 1,02 + .06 
2,06 SS: 65 ,06S + .9005 1.09 + .08 


+ 
@ 

© 
=) 


2.86 2.00 a .036 + .002 1,03 + 








Figure (IV-2) 
Background corrected monoenergetic photon 
distribution (open circles) fit to a 


Gaussian (solid line). 
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of the available gamma-rays would intercept the target. 
‘This procedure was further necessitated by the small oros¢ 
sections for pair creation near the threshold energy. 

1. Target veers sunmation 

A detailed treatment of the analysis of the 
detection efficiencies and the incident photon distribu- 


0 and only the results of 


tion has been given previously 
this analysis will be given here. 

The detection efficiencies were determined in 
the manner described in Section (III-E). The detection 
efficiency, €,(41,J), for each volume element was normal- — 
ized to the value at the approximate center position of ! 
the I x J grid as 
| Me ej) = Cx Ces) [%. | 
where <i ig the source full energy peak efficiency at | 
the reference grid position (i= 4, j=7, k=1). 


It was necessary to evaluate the term 

2 
| exp ie Xs ‘ay t 
at each grid position in the I x J x K matrix. It has 
‘been shown?” that Q, can be represented for such a 
‘matrix by an expression of the form 
| 

otziiyy = Com BY? + 1-2) my - (e-F)me tong] “cos*g 


[r+ G- Tymysing + (k-St!) mcosg]” 
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K are the aimensions of each volume 

ihn, J-y2nd k- axis, respectively, h is 
ie the target sample and the bremsstrah- 

lung source. mossured ‘along the beam direction, and @ has 

| Paen defined. The target was divided into layers along 

‘the k-axis conceptually to account for self-absorption 

effects in various layers of the sample. This deen | 

‘also allowed full use of the expression for ae Seep, 

| The sum over volume elements of ae (II- 15) 

‘can now be replaced by an explicit sum over i, j, and k | 


eee the following form, 


| FF , 
Y= NOdgrT Popa ele 2B, 2 2 apebiid expt al 


zi ix get 


ad [err (2et)h exp {> Cde+Gpna) PET (2m: ) (IV-1) | 
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‘The terms d,;and d,' have been replaced by the approxi- 
‘mation su. While this replacement is not exact, owing 


‘to the anal in effective thickness as the angle be- | 


[tween incident and exiting radiation and the normal to tne 


face of the target changes, numerical calculations show 


! 


= the average reduction, over the target, for the in- | 


‘cident and outgoing radiation is less than .5 percent and | 


Epp | 
1.2 percent, respectively... , : | 
e. Effécts of Target Thickness and Area | 


a) Effects Due to Target Thickness 
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Three major factors were considered in the 
determination of optimum terget thickness, The target 
must be thick enough to provide the maximum possible yield 
but also sufficiently tnin so that self-absorption and 
multiple effects, i.e., Compton scattering of incident 
monoenergetic photons in the target followed by pair 
creation, do not seriously affect the data. The yield 
expression, including self-absorption effects, has been 


evaluated for various target thicknesses and is shown in 


Figure (IV-3) for both lead and tin. 


Following the method of Yamazaki and Hollander, 


the contribution due to multiple effects has been approxi- 


mated by a perameter, & , given by the expression 


R Uf 
[) Gran (ed R 


O= 5 Ve 8) 
(R-2) Cea (R) 


where Ad, is the Compton absorption coefficient at pho- 


ton energy k. Only the multiple effects due to the mono- 


energetic photons are considered since only these will 


appear in the corrected true coincidence spectrum. fhe 
parameter Ais presented as a function of incident photon 
energy in Figure (IV-4a) for lead and in Figure (IV-4»b) 
for tin. The choice of qQuarter-inch thick targets can be 
seen to combine the preperties of high yield and low order 


(less than 2 percent) multiple effect contributions. 
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Figure (IV-3) 
Calculated annihilation radiation yield 
as a function of target thickness for (a) 
lead (b) tin. 
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Figure (IV-4) 
Multiple effect parameter, & , as a 
function of incident photon energy for 


(a) lead and (b) tin. 
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| b) Effects Due to Target Area 
: At first sight, a target of large frontal area 
‘geens desirable in order to subtend the largest possible 
‘solid angle at the bremsstrahlung source, thereby in- 
‘creasing the attainable yield. For such a large target, | 
ithe detector solid angle would also be increased contri- . 
buting to a larger yield. These effects are offset by 

two other effects. As the solid angle subtended at the : 

bremsstrahlung source increases, the number of detected 
‘photons increases non-linearly due to the approximate 
Gaussian nature of the incident photon distribution. 
Moreover, the detection efficiencies for those volume 
‘elements furthest from the center of the target sample are 
reduced. The net effect, then, is a leveling off of the 
Pateia as the frontal area of the target is increased. 
‘These effects have been studied by evaluation of the yield 
‘expression, Equation (IV-1), while limiting the range of 
‘the 4 and j indices for an assumed constant incident pho- 
ton distribution. These calculated yields are plotted in 
posure (IV-5) as a function of the half-angle of the | 
solid angle subtended by the target at the bp ened trehiiunel| 
source. 
| The effect of the parameter q in the expression 


for the angular distribution of the incident radiation 


will be considered in the next section, 
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Figure (IV-5) 
Calculated annihilation radiation 
yield as a function of the half- 


angle of the photon emission cone. 
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AG. Pair Creation 
{ 


Due to the existence of an annihilation radia- 
tion photopeak in the chance coincidence pulse height 
distribution, both the total coincidence and chance 
coincidence photopeaks were fit to Gaussian curves by the 
method of least squares. Two methods were used in the 
fitting procedure. In the first case, the photopeak in 
each pulse height distribution was fit and the resultant 
‘areas under the peaks were subtracted to give the yield. | 
‘In the second case, the pulse height distributions were | 
‘fit over the energy interval .6 MeV to .7 MeV with an 
‘assumed beam dependent background. This background was 
‘then subtracted, channel by channel,from the initial pulse. 
a distributions. The revised spectra were then fit : 
[aap the first method. The yield was then determined by 
Militrect ing the areas under the fitted photopeaks. No | 
‘significant variation existed between the ylelds as de- i 
‘termined by these two fitting techniques. The level of 7 


ete bace for these fits, determined by the Chi-square 


{ 
: : 
test, satisfied the requirement X°/F = 1, where F ia the’ 


ee ve ee 


° 


number of degrees of freedom, Examples of the data and | 
ithe fits for the two methods are shown in Figures (IV-6) | 
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The yield, corrected for multiple effects in the 
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target sample, was taken to be a measure of the number 
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Ficure (IV-6) 
Typical annihilatiocn radiation pulse height 
distributions fcr total coincidence (open 
circles), fit to a Gaussian (solid line), 
and chance coincidence (dark circles), fit to ! 


a Gaussian (broken line). 
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Figure (IV-7) 
Typical annihilation radiation pulse height distri- 
butions, corrected for assumed beam dependent 
background, for total coincidence (open circles), 
fit to a Gaussian (solid line), and for chance 
coincidence (solid circles), fit to a Gaussian 


(broken line). 
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of pairs created in the target sample which annihilated 
in the sample and were detected by the scintillation 
‘spectrometer. 
| From the discussion of Section (IV.B.1), it 
follows that the effect of the angular distribution of 
the incident photon flux on the calculated yield must be 
pee tdered. Since the value of x o(4,3) 4s fixed by the| 
‘geometry of the experimental layout, the parameter q is 
the major source of uncertainty in the expression. 

To determine the correct value of this para- 
meter, angular distributions calculated using Equation 
(11-29) and the experimental angular distributions pre- 


‘sented by Rester and Dance have been considered. The 


‘experimental distributions were about 20 percent wider | 


me ee ee 


thah those calculated using the B-H result and the effect: 


$ 


~_ 


; 


of this disparity will be discussed shortly. The actual | 


‘incident photon distribution differs from those mentioned: 


| 


‘due to small angle multiple scattering effects in the : 


ap eee 


‘bremsstrahlung foil. 


As discussed in Section (III.B.2.c), the elec- 


’ 
5 


tron multiple scattering effects can be accounted for by 


Se deg OO 


the theory of Moliére and appropriate electron angular 
{ 

eerem rutions calculated for scattering in thin foils. 
‘The angular distributions of electrons shown in Figures 


|(IV-8) and (IV-9) have been so calculated, The final 
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Figure (IvV-8) 
Electron distribution for an incident electron 
energy of 2.86 MeV, photon distribution for a 
photon energy of 1.533 MeV, the resultant con- 
volution, and the Gaussian with which the con- 


volution was fit, as a function of angle. 
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Figure (IV-9) 


Electron distribution for an incident electron 


Ae eee ne em. we ee 


energy of 2.3 MeV, photon distribution for a 
ohoton energy of 1.2 MeV, the resultant con- 
volution, and the Gaussian with which the data 


was fit, as a function of angle. 
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TABLE (IV-2) 


miculated half-widths at half-maximum for the distribution of 
miiltiply scattered electrons and for the Gaussian approximation 


wo the final incident photon distribution 


z. k Foil Ge q q 
(MeV ) (MeV ) (maven) (Degrees) (Dewteied (Decrees) 
2.30 1.20 1.41 2.28 5.60 6.85 
2.86 | ia eye, 1,41 ats: 5.02 6m 3 
2.86 1.57 1,41 15.65 4.94 6,08 
2.86 1.71 1.41 TS 4.85 oy 
2.86 sis. 1,41 1,85 4.80 5.86 
2.00 2.00 1,41 lege 4,70 big > 
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“4ncident photon flux angular distribution can now be 
obtained by folding together, or convoluting, the electron 
and photon distributions. Convolutions based on the 
theoretical photon distribution are shown in Figures 
(iv-8) and (IV-9) also. 

) The convolutions were fit to a Gaussian normal- 
ized by Co so that the average value over the angular 
‘range subtended by the target (e.g., ~6.5° to +6.5) was 
‘unity. The convolution for each photon energy was car- 
ried out using the calculated photon distribution since 
the measurements by Rester and Dance were conducted at | 
Petiier large angular intervals. A composite angular | 
distribution was constructed consisting of the theoretical 
ee pibutiion for half-angles less 3 degrees and the 
Rester and Dance result for larger half-angles. The com- | 
posite convolution half-widths were approximately 20 per~ 
cent wider than those obtained using the B-H result. 
‘Consideration of the effect of the q parameter on the 
lealculated yield is, therefore, quite important. 

| The annihilation radiation yield has been cal- 

| culated as a function of q using Equation (IV-1). By 

Re nerly adjusting the Co parameter as q is increased, 

‘a yield curve such as that shown in Figure (IV~10) 
resulte. From this calculation, it can be determined that 


! 


the variation in the yield is less than one-half percent | 
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Figure (IV-10) 
Calculated annihilation radiation yield as 
a function of the half-width at half-maximum 
of the Gaussian curve used to approximate the 


incident photon distribution. 
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per degree in the region of the calculated half-widtns, a 
(see Table (IV-2)). Thus, an error in the widths of the 
angular distribution of as much as a few degrees does not 
have @ major effect on the celculated yield. 

To determine the pair creation cross sections, 
the yleld expression was evaluated as a function of the 


cross section and plotted versus The plot was 


Ops, Te 
then entered witn the measured yield to obtain the mea- 
sured pair creation cross sections. 
The calculated and measured ylelds for the 
element lead are shown in Figures (IV-11) and (IV-12). 
The measured cross sections are tabulated in Table (IV-3) 
and plotted versus incident photon energy in Figure (IV-13). 
Figures (IV-12) and (IV-14) show the calculated 
and measured yields for tin. The measured cross sections 
are presented in Table (IV-4) and plotted in Figure 
(IV-15). Parameters used in evaluation of the yield ex- 


pression are presented in Table (IV-5). 
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Figure (IV-11) 
Calculated and measured pair creation yield as 
a function of pair creation cross section for 
incident photon energies 1.57, 1.71, 1.85, and 
2.00 MeV for the element lead. 
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Firure (IV-12) 
Calculated and measured pair creation yields es e 
function of pair creation cross section for inci- 
dent photon energies 1.533 and 1.20 MeV for the 
element lead and for 1.20 and 1.533aMey for the 


element tin, 


_—_ ——— a 





@ 1(dx3) OH 


O02 Gi or SO vO’ £0" cO lO 


002d 
Ooo! O00v 
009 

0002 


008 





OS =Z OG =Z 
A®Ww €cG'"t A®w Od 
ooo! 


QI’BIA Q3ILVINIIVO 


0002 


O00O0¢ 











ee __ ne 


sol. = Chel 





; eet ie 
sea pre 08 0°Z 
bua = oo 
eae ei ihe S8°1 
Ore” Epe'2 | ro van 
aa POL’ + 
872” Eso °z ol log: Wee 
BSc + 101° + 
Pie ZPz Pl’ PII 760° F POL" CoG al 
849" ~ og: S10 ae | 
See Osc en eee oz‘1 
ence 
(sur eq) (A2W) 
wivd UIvd YIvd UlVd wIvd 
(H-d) 10 ala) O (Hf) O /(dXq) oO (dq Xa) [e, 


an nn Ean 


“pest JUIWIS[S 9YU} 10f SUO1}D9S SSOID UOT}EILO Ited 


(6m AT ST CLD 








+ mee | arsed 


Figure (IV-13) 
The measured pair creation cross section as 2 
function of incident photon energy (open circles) 
and the Bethe-Heitler prediction (solid line) for 
the element lead. The prediction of the JH re- 


sult is shown as a small triangle. 
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Figure (IV-14) 
Calculated and measured pair creation yields as 
a function of pair creation cross section for 
incident photon energies 2.00, 1.85, 1.71, and 
1.57 MeV for the element tin. 
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Figure (IV-15) 
Measured pair creation cross sections as a function 
of incident photon energy (open circles) with the 
Bethe-Heitler predictions (solid line) for the 
element tin, Z= 50. ‘Yhe prediction of the JH re- 


sult is shown as a small triangle. 





O pai RiEXP)/ B 





ae) 


10 


ow 


20 


3 


PHOTON ENERGY (mc?) 





35 





TABLE (IV-5) 


Parameters used in evaluation of the yield expression. 





k AAC Ok *, ley 
Ae V) (barns/atom) (MeV) - a 
ee 50 (mb/ MeV) 
E20 20.46 10.20 . 024 Ba) 
O33 I303 8. 83 203) .714 
ao 16. 88 8.715 vou . 736 
a?) i 90 S20 . 026 53:6 
BO5 ra. 99 aoc 023 2375 
2.00 14.18 (ems, . 020 weoc 


Zero’ Z = 50 
n = 2.03 x 10°° nuclei/em* n= 202 tee ere leas 
A= 51.2 barns /atom AA = 17.57 barns /atom 
Qe 2.50 x litres electrons Q= 7.49 x 1015 electrons 
m).K = 8,16.4 I. JK Saliceee 
Y' = 1.1547 
me 2 +332% ioe 
mie@mj= 1. 27e¢ms 
mk = ; 13332 
T = {6389ema 








Figure (IV-16) 
Comperison of present measurement to the pre- 
dictions of Bethe and Heitler and Jaeger and 


Hulme, small triangles, for the element lead. 
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Figure (IV-17) 
Comparison of the present measurement to the 
predictionsof Bethe and Heitler and Jaeger 
and Hulme, small triangles, for tin. (The 


dotted triangle is an extrapoleted value.) 
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V. CONCLUSIONS AND SUMMARY 
A, Monochromatic Technique and Bremsstrahlung Cross 


sections 


~~, oe 


ag 


The monochromatic technique has been successful- 
ly developed in the course of the present research to the 
highest level yet attained in this laboratory. The 
technique has been shown to be efficacious in terms of 
performing certain meaningful physical experiments. In 
addition, possible methods of improving the technique 
have been discussed in Appendix E. 

As adjunct experiments to the pair creation 
measurements, the bremsstrahlung cross section has been 


measured for photon energies of 1.53, 1.57, 1.71, 1.85, 


and 2.00 MeV at an incident electron energy of 2.86 MeV 


and for the photon energy 1.20 MeV at an incident electron 


energy of 2.30 MeV. These measurements have been compared 
to the theory of Bethe and Heitler and with previous ex- 
perimental measurements, described in Section (I-C}) over 
ithe energy range of interest. There is excellent agree- 
ment with theory and quite good agreement with the mea- 
surement of Starfelt and Koch, The Rester and Dance 
measurement agrees well with our measurement only in the 
‘case of the cross section differential in photon energy. 


The exact nature of agreement to be expected is unclear 


since the present measurement yields the cross section = 


i 
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integrated over an electron emission cone of half-angle 
7.6 degrees while all previous measurements consider the 
cross section integrated over the entire electron emission 
solid angle. The importance of these measured cross 


sections for the pair creation experiment is clear. 


B. Pair Creation 

A table of pertinent previous measurements 
and their comparison with the JH result is presented in 
Table (IV-6) for easy reference. In order to use the 
exact calculations of Jaeger and Hulme, which, it should 
be recalled, gave cross sections, for tin, terbium, and 
lead, at 1.523 MeV and, for lead only, at 2.657 MeV, 
many of these experimenters have used graphical inter- 
polation and extrapolation of the JH result to cover the 
area of their experiment. The resulting comparisons be- 
tween theory and experiment have been neither uniform in 
their discrepencies nor have the measurements been con- 
‘sistent relative to one another. 
i The cross sections measured in this research 
—_ be compared directly to the JH result for the inci- 
‘dent photon energy 1.533 MeV. For the lead measurement, 
the ratio of the measured cross section to the prediction 
of Jaeger and Hulme, Opa tr EXP)/ Oparr (JH), is 1.14 4 


.14. The tin measurement shows agreement with the JH re- 


sult as indicated by the value 1.05 sacs for the ratio 


a, —— 
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just defined. The experimental cross sections for the 
photon energy 1.57 MeV have been compared with the JH 
result at 1.533 MeV providing ratios of 1.20 + .15 for 
lead and 1.20 **'* for tin, While not strictly valia, 
these latter comparisons do demonstrate the increase in 
pair creation cross section with increasing photon energy. 
Since these measurements are the first absolute cross 
sections measured which correspond directly to the JH 
predictions, the agreement achieved seems quite satis- 
factory. 

Comparison with the B-H pair result, a theory 
which is predicted to fail in the range of k and Z used 
for this research, has been made for completeness. The 


ratio, Opa rp EXP)/ OpatR(B-H)» a standard quantity in 


the reporting of previous pair creation measurements, is 
presented in Tables (IV-4) and (IV-5) as well as in 
‘Figures (IV-16) and (IV-17). 

: On the basis of the cross sections reported 
xo, it can be concluded the exact calculations of 


t 


Jaeger and Hulme for k = 1.533 MeV for lead and tin are 
in accord with the measured values. If one connects the 
‘results of the Jaeger and Hulme calculations in lead at 
3m, 02 and 5.2 mc with an assumed curve, or even & 
straight line, a "JH pair creation cross section curve’ 


48 generated, Comparing the present measurements for 
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lead to such a@ curve might be said to indicate that the 
measured cross sections are slightly higher than those 

of theory. Using the same procedure, with an extra- 
polated JH result at 5.2 moe’, for tin might seem to in- 
dicate that the experimentel cross sections slightly 
exceed theory over the complete energy range, 1.2 to 2.0 
MeV, Rigorous conclusions concerning the behaviour of 
the measured values relative to the JH result over the 
entire energy range are not possible on the basis of this 
hypothetical curve. Such conclusions must await the ex- | 
tension of the exact calculations over an expanded range 


of energies and atomic numbers. 
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APPENDIX A 

The Accelerator 

Research conducted by the Electron Group 
Division of the Nuclear Structure Laboratory utilizes an 
electron beam from the Notre Dame 4.5 MeV electrostatic 
accelerator. This accelerator can be used in both the 
positive ion and electron accelerating modes. Intro- 
duction of a source interchanger?” in 1963 allows inter- 


change of the two modes to be made in as little as one- 





half hour. This machine is of horizontal construction 
and employs & single accelerator tube. 

The electron beam is injected into the accel- 
erator tube by an electron gun, the design of which was 
adapted from an early television gun, (997) located in the 
high-voltage terminal of the accelerator. Electromagnetic 
steering and focusing coils, placed on the gun, provide 
precise steering and focusing control of the beam out of 
the terminal. For the present research, the gun operated 
at -15 kV relative to the terminal with 5.1 amperes of 
filament current. The latter figure is a compromise be- 
‘tween high output current and long filament life. Maxi- 
an beam output is approximately 100 microamperes while 
the filament lifetime is estimated at one to two years 
with this arrangement. 
| Stabilization of the terminal potential is 
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‘provided by two essentially independent systems both of 
wnich provide compensation for high- and low- frequency 
fluctuations of the terminal potential. In the first 
system, fluctuations of the terminal potential are sensed 
by @ generating voltmeter, placed in the field of the 
high-voltage terminal, which produces a signal propor- 
tional to the terminal voltage. This signal was ampli- 
fled, rectified and balanced by a d.c. voltage in the 
voltage stabilization circuit (hereafter referred to as 


‘the VS circuit). Any deviation from the d.c. level pro- 





duces error Signals which are then used to control the 
‘high- and low- frequency correction circuits. 

: High- frequency fluctuations of the terminal 
‘potential are corrected by control of the voltage on a 
‘cylindrical metal liner which surrounds the terminal and 
approximately one-third of the support column assembly. 
This capacitive liner is able to rapidly change the volt- 
‘age on the terminal simply by a correctly phased variation 
of the liner potential. 

| Low- frequency voltage fluctuations are cor- 
rected by adjustment of the amount of charge sprayed on 
He charging belt at the ground end of the accelerator. 
‘The correction signal from the VS circuit controls the 
Petential aifference between a set of charging needles 


and an inductor bar by varying the inductor bar potential, 
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This in turn controls the amount of charge sprayed onto 


ithe belt. These corrections take place with the VS cir- 


= 
=< 
rae 


cuit in the GV CONTROL mode. i 
This method of stabilization provides an energy 

___ stabilization of approximately + 2 keV at 2 Mev. ‘However, 
thermal expansion of the pressure vessel and the terminal 
support, structure makes an accurate and repeatable energy 
calibration Quite difficult. For this reason, a second 
== is used. 

te In this second system, the electron beam is mo- 
‘mentum analyzed in the field of a 60 degree sector-field 
Magnet designed by C. P. BrOViees Before entering and 
Peoer exiting the field of this magnet, the electron beam 
‘passes through slits which constrain the electron tra- 
jJectories to a fixed geometry. The signals from the 
electrically insulated LEFT and RIGHT exit slits are con- 
‘pared in the VS circuit (now in the SLIT CONTROL mode) 
and the resulting error signal is used to control the 
‘liner potential and inductor bar potential for high- and 
low- frequency corrections, respectively. Any drift in 
‘terminal potential with the magnetic analyzing field 
hela constant allows the beam to move onto one or another 
of the energy control slits. The resti]ting signal in- 


ae ;in the VS circuit: ‘hen produces control signals 
ed, 
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lowering the terminal potential as appropriate, thereby 
recentering the beam and zeroing the error signal. 
Energy resolutions of + 0.1 vercent at 2 MeV have been 


attained and have been readily reproduced with this 


system, 
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APPENDIX B 
The Beam Handling System 

Figure (B-1) depicts the beam handling system 
and the approximate location of the various devices used 
to steer and focus the beam. Preceeding theses have dis- 
cussed the beam handling system but pertinent features 
will be reiterated here. 

The electron beam from the accelerator is 
focused onto a phosphor screen at a position approxi- 
mately 26 inches outside the accelerator pressure vessel. 
This beam viewing screen is marked with two concentric 
circles of radii one-eighth inch and one-fourth inch, 
with LEFT/RIGHT and UP/DOWN reference axes. The center 
of the screen is aligned with the center of the beam pive 
“by use of a transit set on the beam line and at the pro- 
per beam altitude. The steering coils and focus coils on 
the gun are then used to optimize the position and size 
of the beam as viewed on the screen. (The screen is 
monitored by closed circuit television in order to avoid 
eaerdous radiation. ) 

A set of steering coils (Steering 2) is located 
inside the pressure vessel but, in general,is only used to 
deflect the beam briefly for monitoring purposes. The 
optimumly positioned and focused beam is then directed 


onto the object slits of the 60 degree analyzing magnet 


~- 
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Figure (B-1) 


The beam handlins system. 
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by sets of steering coils (Steering 3,4, and 5) and a 
focus coil located immediately dowmstream of Steering 3. 
The object slits are made of .O40 inch thick tantalum 
with each slit electrically insulated from one another. 
Each slit, attached by a shaft to a micrometer head, 
moves In 2 track with a range of three-quarters of en 
inch, 7 Slit position is repeatable to within + .0005 
inches. Introduction of the movable slits obviates the 
necessity to remcve the electron slits whenever the ac- 
celerator is operated in the positive ion mode. The 
Slits are arranged to duplicate the fixed slits, which 
were previously used, in geometry and aperture size, 
forming a rectangle .0O40 inches by .050 inches. The 
focus coil, positioned about 36 inches outside the pres- 
sure vessel, is used to focus the beam on the object 
slits. In order to ensure that the beam is maintained 
centered at the object slits of the analyzing magnet, the 
electrical signals from these slits are fed into differ- 
ence amplifiers. The outputs from these amplifiers are 
used to control the current through yet another set of 
steering coils (AUTO-PILOT Steering). This negative 
Preedback system acts to keep the beam centered LEFT/ 
RIGHT and UP/DOWN with respect to the object slits. For 
use with the monochromator the low- frequency cut-off of 


the AUTO-PILOT circuit was set below 60 Hz in order to 


mitele 








correct an effective 60 Hz pulsing of the beam and so 
provide a more uniform instantaneous current into the 
target foil assembly. Use of the AUTO-PILOT circuit 
guarantees beam centering on the object slits 100 percent 
of the time and allows 60 to 80 percent of the bean from 
the terminal to be directed onto the target foil. 

The image slits of the 60 degree analyzing mag- 
net, as well as providing energy stabilization, serve as 
object slits for a 45 degree bending magnet. This magmet 
is designed to focus the beam onto the thin foil brems- 
strehlung target. Beam spot photographs taken at the foil 
position show the beam diameter to be less than one milli-+- 
meter, As previously noted, the 45 degree deflection 
magnet also serves to reduce photon background and to 
eliminate slit scattered electrons from the beam incident 
on the foil. These functions have also been described in 
some detail by Malaker.?? 

& set of steering coils (Steering 6) is located 
between the 45 degree magnet and the target foil. The 
purpose of this coil is to allow precise and repeatable 
steering of the beam onto the center of the foll. The 
procedure for centering has been related in the text. 

The beam spot photographs mentioned previously verify 
repeatability of centering to within half of the beam 


diameter (.5 millimeter). 
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APPENDIX C 

Energy Calibration 

An accurete determination of the energy of the 
monochromatic photons requires an accurate knowledge of 
both the incident electron and post-bremsstrahlung elec- 
tron energies. The momentum of the incident beam is 
analyzed in a 60 degree deflecting magnet while the mo- 
mentum of the degraded post-bremsstrahlung electrons is 
analyzed in a i20 degree bending magnet in the monochro- 
mator, 

1. The 60 Degree Analyzing Magnet 

The momentum of the incident beam is proportion- 
al to Be , the magnetic rigidity, and the energy of the 
electrons can be related as a function of this quantity. 
Since the p , radius of curvature, of the electron beam 
passing through this magnet is constant for fixed slit 
geometry, a measurement of the energy of the high- 
frequency limit bremsstrahlung photons using a sensitive 
high resolution detector will yield the energy of the 
electrons as a function of the field in the analyzing 
magnet. 

A suitable high resolution detector for these 
photons is resonance scattering from well-known nuclear 
erericy levels. For the present calibration the first 


excited state in a: and the seventh excited state in 


-lii- 








Figure (C-1) 
Isochromat for the first excited 
state of als plotted versus mag- 
netic field, B, in the analyzing 


magnet. 
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eT ay were used, Both levels have widths of order 100 MeV 
and have been measured in this laboratory to have energies 
of 2.125 + .004 MeV and 2,985 + .003 MeV, respectively. 7° 
These measurements have been confirmed to less accuracy 
in other laboratories. 2!» 98,99 The measurements were 
made by the isochromat technique described in detail in 
the thesis of P. G. Loscoe. 79 in brief, the energy of 
the beam 1s set below the energy of the level being mea- 
sured and is then raised in small energy steps until the 
incident electron energy is 50 to 100 keV above the energy 
of the level. The result is a yield curve which contains 
@ step which goes from background to maximum yield in 
about 3 keV (the approximate energy loss for a 2 MeV 
electron in a thin gold foil). The energy of the level 
(or the corresponding value of the magnetic field) is 
then taken as the value corresponding to the lower "knee" 
of the curve. (See Figure (C-1).) The resulting iso- 
‘chromats were fit with the curve used by Schaller et al. 
4in the original measurement in order to reduce subjective 
Peron station of the position of the isochromat "knee". 
These curves are plotted versus the measured field, B, 
in the analyzing magnet as shown in Figures (C-1) and 
(c-2), The Bp values for the known level energies were 
then used to determine the radius of curvature of the 


magnet. The results are presented in Table (C-1). The 
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Figure (C-2) 
Isocnromat for the seventh excited 
stete in ©fAl plotted versus mag- 
netic field, 5, in the analyzing 


nagnet. 
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TABLE (C-1) 
Results of calibration of the analyzing magnet. 





s and Level kmergy B Byras. Ex ERROR 
(MeV ) (gauss-cm. ) (gauss) (cm. ) (cm. ) 





lip 2.125 8625.9 308.2 27.98 
CTAL 2.985 11536,1 412.2 21.99 
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value of p was determined to be 27.98 + .05 centimeters 
by these measurements. 

The field in the momentum analyzing magnet was 
determined by measurement with a Rawson-Lush (Type 8245) 
rotating coil gaussmeter. This device is mounted through 
the zero degree port of the magnet. The accuracy of the 
gaussmeter was checked by comparison with a nuclear nag- 
netic resonance probe which was in place in the magnetic 
field. The results of this comparison are presented in 
Table (C-2). The average difference between the NMR probe 
and gaussmeter measurements was 0.1 percent. 

Changes in the calibration of this system took 
place if the magnet wes not operated in a uniform menner. 
If the magnetic field was cycled between saturation (or 
near saturation) and residual field levels before each 
period of data collection plus making all field changes 
din an increasing manner, then no detectable changes in 
the calibration were found. 

2. The Monochromator Magnet 

The momentum of the degraded post-bremsstrahlung 
electrons was analyzed by a 120 deflection in the inclined 
plane pole face magnet located in the monochromator 
vacuum box. To calibrate this magnet, two different 
methods were used. 


First, the K-conversion electrons from the 
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TABLE (C-2) 





parison between measured magnetic fields by NMR and the Rawson 


seneter, 








NMR FROBE RAWSON-LUSH GAUSSMETER 
Kilogauss Kilogauss 
3.2265 38eee] 
Dine Do 5.1247 


7.0431 7.0361 








a 2 
radioactive sources lee and Of as, with energies 625 


and 970 keV, respectively, were used to obtain Betvating 
coll output voltases provortional to the field in the 
magnet. These rotating coil voltages were then plotted 
versus the value of magnetic field which would be neces- 
sary to bend these electrons through the radius of 
curvature, P , of the 60 degree analyzing magnet (this 
step was necessary in order to use these data in con- 
Junction with the second method), 

Additionally, the method developed by Malaker 
was used. In this procedure, the foil was removed from 
the foil holder. The beam was then centered using the 
technique described in Section (IV-B). The magnetic field 
En the monochromator was then varied until the beam passed 
through the exit slit and was collected in a Faraday cup, 
which replaced the electron detector. The rotating coil 
output voltage was recorded as well as the B field in the 
analyzing magnet. The incident beam energy was then 
changed and the process was repeated. in this manner a 
calibration curve, rotating coil output voltage versus 
field in the analyzing magnet, and therefore versus mag- 
netic rigidity was determined. The data were fit by the 
method of least squares to a straight line and the re- 
sults are presented in Figure (C-3). 


The rotating coil consisted of a hand wound coil 
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Figure (C-3) 
Monochromator rotating coil output 
voltage plotted versus the magnetic 
field, B, in the analyzing magnet. 
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of wire mounted on a brass shaft and driven by a 60Hz 
synchronous, 220 volt, 3-phase motor. The coil output 
voltage was measured by a Kintel Digital Voltmeter (Model 


456) and was precise to within 0.5 percent. 
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APPENDIX D 

Analog Ray Tracing Device 

Referring to Figure (D-1), the analog ray 
tracing device, or the "Bug’ 18 a three wheeled device 
with a ball-point pen centered on the rear axle at point 
A and has a steerable front wheel which rotates about a 
vertical axis through point B; with the front wheel turned 
at an angle & , movement of the device causes the ball- 
point pen to trace a curve of radius © , as indicated, 
while the front wheel moves through a curve of radius f', 
The angle @w is related to the parameters of the "Bug" 
through 


tan XS LO ° 


However, for either small angles ~ or large values of P 


and ia the approximation baie can be made and 


tana= L , 
From the equation 

mu? = Bev 
lm 
‘we find 
| p = p/Be 


i 
‘where p = mv 


and so tana can be rewritten as 
| +an x = LBe/p 


f 


put for the magnet of interest here 
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Figure (D-1) 





tic of the analog ray-tracing device. 
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and so 
tan X = LB.e 
Ce 
and since previous sections show that 
K = 
the expression can be written as 
tan a = ace ; 
Kr 


or writing L/K = K', the result is 


tana = kK’ 
r 


and the desired trajectory can be drawn (to the proper 
scale set by the adjustable length L) simply by calcule- 
ting the appropriate value of ~% . For the 1/r field of 
the monochromator, an instantaneous value of «a exists at 
every point in the trajectory and so only an approximate 
curve can be drawn. The ray-tracing is completed by 
tabulating the values of A corresponding to penetrations 
r into the magnetic field. The steerable wheel is set for 
this angle and "driven" across the paper to the next r- 
value, r+ Ar, where the new alpha value is set for the 
wheel. The procedure is repeated until the edge of the 
field is reached. The wheel is then set for straight 
five and the trajectory completed. The angle, % , is 
only accurate to .5 degrees but for a large scale drawing 


introduces no major error. In the case of 1/r fields this 


rem oo 
a ee ee 


iar | 











= O——ESEEEEE 


= oe = 





i) 


(radius of curvature) end is a tedious process. 


2 = a= 


| | -118- 


procedure requires many settings of the angle, oO , 


> | + |= 





APPENDIX E 
Evaluation of the Monochromatic Technique 
The successful use of the monochromator in 


Measurements of pair creation cross sections raises ques- 





tions as to the efficacy of the technique for other physi- 
cal measurements. As well, the inability of the present 
device to provide the high transmission values which were 
sought prompts further consideration of ways to improve 
the monochromator. 

1, Nuclear Resonance Fluorescence _ 

The monochromatic technique provides a high 
intensity flux of monoenergetic gamma-rays which can be 
resonantly scattered from low-lying energy levels in 
various nuclei. The increased transmission of the Notre 
Dane monochromator coupled with the measured figure of 
‘merit near unity prompted re-examination of NRF experi- 


a was used in a series 


ments, The 2,125 MeV level in 
of experiments in order to test the usefulness of the 
‘present system in nuclear level studies. Twenty-three 
runs were conducted using the target nucleus. Two of 
these runs were successful in providing a yield with a 
Pea igiilio a1 uncertainty of less than twenty-five percent. 
90 


These runs were evaluated in the usual manner and re- 
sulted in a measured width equal to, within the un- 


certainty mentioned, the value previously measured in this 
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laboratory. Since the energy and width of the test 
aeicue were both well-known, it was apparent that the 
‘present system produces a monochromatic gamma-ray flux 
which was both too low in intensity and not finely enough, 
resolved in energy to conduct such measurements on narrow 
levels of unknown energies. (It should be pointed out 
that the twenty-one runs which did not produce the ex- 
pected yield were determined to have failed primarily due 
to timing and/or energy stability difficulties.) Con- 
parison with data taken on this level using the high 
frequency limit of the bremsstrahlung spectrum revealed 
that the photon flux of monoergic gamma-rays was approxi- 
mately one-third as efficient as the tip method, 
Achievement of a transmission of 1 to 2 percent, while 
maintaining the figure of merit at unity, would allow the 
monochromatic technique to be as much as six times more 
effective than the high frequency tip method, 

2. ( ¥,n) Reactions 

Another possible use of the monoergic photon 
flux 4s in the study of the ( 7 ,n) cross section in 
various nuclei. The details of such a study have been 


36 Briefly, the use of a 


‘presented by Walter and Shea. 
monochromatic photon flux would allow determination of the 
detailed shape of the photodisintegration cross section 


near the threshold energy without unfolding the yield 
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from an integral photo-neutron yield curve and without 
the necessity of making any assumptions concerning the 
Spectral and wungular distributions of the incident brems- 
strahlung radiation. A monochromator designed for use 
with the new -lotre Dame Tandem Van de Graaff accelerator 
would be especially useful for the wide range of ( 7 ,n) 
measurements this accelerator will make possible. 

3. bremsstrahlung Cross Section Measurements 

The present monochromator is suitable for use 
in a comprehensive series of measurements on the spectral 
end angular distribution of bremsstrahlung radiation for 
fractional photon energies up to .75. These measurements 
would provide values for the cross section differential 
in photon energy and angle and, with a monochromator set 


1 


up for adjustable transmission values, would also give 


t 


cross sections triply differential in photon energy, 
‘photon emission angle, and electron emission angle. Op- 
‘ami measurements would require a transmission starting 
mear two percent and with a capability of being reduced 
to very small values (this can be arranged using movable 
slit apertures). The bremsstrahlung measurements con- 
ducted in this research demonstrate the efficacy of this 
type of measurement. 

4 Possible Technique Improvements 


When the monochromator was originally conceived, 
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tranamissionsof the order of two vercent were considered 
to be within easy reach. With such a high transmission, 
the monocrromator would provide the exverimentalist with 
& source of monoenergetic photons with as much as six 
times the available intensity using the high frequency 
limit of the bremsstrahlung spectrum. A transmission of 
one percent would provide a source comparable to the tin 
technique. Inability to reach the desired transmission 
values raises, then, the obvious question of how to improve 
the monochromator to attain the theoretically possible 
results. Some general suggestions will be made on pos- 
Sible methods of proceeding. 

First of all, one clarifying point should be 
reiterated. The design of the present device was adapted 
from a spectrometer which used an entrance angle of 90 
degrees. For use as a monochromator, the entrance angle 
ual changed to 120 degrees in order to deflect the higher 
energy main beam away from the walls of the vacuum 


‘chamber and into a graphite collection box. This change 


{ 
reduced the available geometric solid angle of four per- 


t 


cent of 41 to 2.24 percent in the final configuration. 

Since the optimum configuration of such spectrometers, as 
Pamanted in the literature, allows at most fifty percent 

of the available geometric solid angle, the maximum 


, achieved with the Notre Dame 
value of .265 ©) akomErRig Bchte 
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device -ndicates the present spectrometer may be operating 
at its practical limit. (Recall that 90 percent of the 
Geometric solid angle was attained without slits or 
baffles with a resolution of 18 percent.) Thus, the ma- 
jor item to be considered in improving the monochromatic 
technique is raising the attainable transmission, without 
sacrificing resolution. 

a) Pole Piece Design 

The theoretical evaluation of magmetic sector 
spectrometers with 1/r fields as conducted by Jaffey et 
al. provides an ideal starting point for the design of a 
practical magnet. Close attention to the detailed con- 
sideration of fringe field effects should allow develop- 
tment of a theoretical design not too far removed from the 
a in reality. However, empirical determination of 
the final optimum profile shape is the sole practical 
criterion (4.e., the working version must be extensively 
‘laboratory tested). The method used by sageeane in 
the development of a single gap beta-ray spectrometer is 
to be emulated (1.e., emperical shaping of the pole piece 
profile by study of the focal point of each ray of en- 
trance angle, Yi). Though tedious, this method seems 
to come closest to producing an optimum magnet. 

Strict attention must be paid to the pole piece 


= + 


profile in the vicinity of the pole piece symmetry axis 
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as anorolous fringe field effects arise at this point. 

Use of a larger, deeper pole piece would allow 
& somewhat smaller entrance angle and would eliminate the 
necessity of passing the beam near the vertical baffle. 

Bending the main electron beam through an angle 
less than 90 degrees would also allow use of a smaller 
entrance angle and, if a smaller rotating coil or a Hall 
probe was used as a field monitor, would increase the 
available geometric solid angle. Problems of background 
and geometry make this approach subject to severe re- 
strictions but it is not without merit. 

Use of an asymmetric pole piece design would al- 
low the focal point of the system to be placed far from 
‘the entrance point of the main beam since the focal point 
could be almost arbitrarily located. <A problem of main- 
taining sufficient distance between the main beam and the 
vacuum chamber is the major restriction in this case. 

For a high energy beam such as is available 
from Tandem accelerators, the rectangular design as used 
by O'Connell et al. at Illinois is worthy of consideration. 
The small angular spread of the post-bremsstrahlung elec- 
trons tends to compensate for the low transmissions 
inherent in this design. Simplicity of design and con- 
struction are also meritorious features. Charge normal- 


ization poses the greatest problem since such a design 
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will not deflect the main beam more than a few degrees 
in the magnetic field unless a very large magnet is used, 

b) System Size 

The introduction of an exit baffle in the pre- 
sent monochromator played a role in reducing the anomol- 
ously large electron count rate. The placement of this 
baffle forced the main beam to be maintained in 2 position 
further from the electron exit slit than had previously 
been done. This effect contributed, at least in part, 
to a reduced electron count rate and was taken as evidence 
that the main beam should be kept as far from the electron 
detector as possible. 

Since the effects of increasing the size of the 
system are linear to first order, the separation between 
the exit slit and the region of the vacuum box in which 
the main beam is monitored could be enlarged by use of a 
larger magnet-vacuum box system, 

As well, the present design was originally used 
under the assumption that the full + 15 degrees opening 
angle would be available for use in focusing the elec- 
trons. Due to fringe field effects, this assumption is 
valia only for a perfect point source. To avoid inter- 
action between elastically scattered electrons and the 
pole pieces, use of a larger opening angle, say + 20 de- 


grees, baffled to a smaller angle, say + 15 degrees, is 
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important. (Use of such a procedure on the present 
system gave a deleterious effect on the transmission due, 
most likely, to the severe restriction imposed on the 
available seometric solid angle.) 

c) Detection System and Electronics 

The present single electron detector could be 
replaced by several such detectors in the following man- 
ner. The plastic scintillator now in use would be re- 
placed by, say, six plastic scintillators each using an 
optical fiber connection to its multiplier phototube. 
Thus, the current now carried by one phototube would be 
spread over six PM tubes and the total electron count rate 
could be raised. There are a number of problems associ- 
ated with this scheme. One is the dimensions of the exit 
slit and, thus, the imposed size of the scintillators and 
ight pipes. Another is the prevention of scattering of 
the electrons from one scintillator to another (due to 
ae close proximity) producing, in effect, two or more 
Wate ldéveies rather than one. Increasing the size of the 
magnet would assist in reducing these problems as some 
4ncrease in slit size would result. 
| Use of the RCA-8575 multiplier phototube in both 
the electron and photon detection systems would allow 
tower discriminator settings due to the inherently low 
noise characteristics of this phototube. Use of this 


‘ 
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‘phototube and time-to-neight conversion coincidence 
‘systems produce resolving times in the one nanosecond 
region using NalI(T1) detectors, !°! 

While chenges in the detection and electronic 
systems would not improve the efficiency of the mono- 


cnromator, improvement in the flexibility of the 
technique might result. 
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APPENDIX F 
Transmission and Resolution 
The transmission and resolution of the inclined 
plane pole-face spectrometer was measured using the 625 


keV K-conversion electron line of Pe 


Cs. The source wag 
centered at the bremsstrahlung foil position and the 
number of electron counts detected was measured as a 
function of the monochromator magnetic field. 
The resolution is defined by 
R = ap/p 
wnere ap is the full width at half-maximum of the de- 


tected conversion line. The transmission is defined by 


T = Ne(peak) / Ne (total) 


where Ne(peak) is the number of electrons per second 
counted in the electron detector at the peak of the K- 
conversion line and Ne(total) is the total number of K- 
conversion electrons emitted per second by the source. 
Ne(total) is determined by measuring the strength 

of the 661 keV transition in the 31 G5 source, then multi- 
plying this value by “Ars the known K-conversion 
coefficient. 

| The transmission can be related to the half- 


angle of the electron emission solid angle by the 
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